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Determinotion of air density ., tem~eraturc and wind

at hi,gh a l t i tude

I • Ti dal 
~~~~~~~~~~~

On a global scale the Earth ’s atmosphere may be regarded as a

thin shperical shell of rotating fluid capable of periodic oscillations.

Few opportunities arise for studying the dynamic response of this

system to a given excitation apart from tidal excitations by the

Sun or Noon. Gravitational excitat ion has the advantage tha t

the source function is sccurately known , whereas thermal excitation

can only be approximately calculated and is sutject  to change with

L changes in the distribution of the absorbing gases , notab]y water

• vapour . Attention must primarily be given to thermal sources as

• they excite oscillations that exceed gravi tat ionafly excited

ones by more than an order of magnitude .

Over many years barometric pressure has provided the main

observational data on the atmospheric response at the various tidal

component frequencies. In spite of sparse data in ocean areas , it

has been possible to compile global distributions of average

surface—pressure ampli tudes and phases ( tAie time ci’ maximum value)
Si

and some times 0f their seasonally averaged values . These

investigations leave the vert ical  s t ruc ture  of the response virtually

unexplored , as pressure only gives a measure of the integrated

gas density in a vertical column .
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With increasing he ight , amplitudes of tidal oscillations may

be expected to increase to compensate for the decrease of density.

• ‘ At the meteor ionization level of 8o to 100 km , tidal components

are found to be responsible for the main wind variation.  As a

consequence of the larger amplitudes , periodic components may be

derived from a shorter time series of data extending over perhaps

no more than a few cycles .

The possibility of deriving tidal oscillations from a limited

time series of data has brought into consideration the use of

rocket techniques for which costs severely limit the sampling

frequency . The potential advantage offered by rockets is that of

good height resolution over a wide alt i tude range . Wind and

temperature measurements may be obtained up to 85 km by the grenade

technique and up to about 6c km by meteorological rocket—sondes.

The possibility therefore arises of examining the vertical structure

of oscillations at stratospheric and mesospheric levels and of

making comparisons with values calculated by tidal theory .

Analyses ha’ e been carried out under three headings

( 1) Derivation of diurnal and semidiurnal wind and temperature

components from rocket data Ci to ~J

(2) Calculation of the vertical properties of tidal oscillations

generated by assumed heat sources [5, 6]

(3) Comparisons between observed and theoretical components of

oscillation [7, 8].

- 2 -
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The f irst  series of data to be analysed was the grenade series

from Natal (6°S) Ci , 2]. The analysis began as an exploratory

exercise as the distribution of observing times was rather poor.

Residuals of the least—squares f i t  were analysed and standard deviations

were obtained which indicated that amplitudes and phases had been

derived with some measure of significance. The appearance in the

24 hourly component of a phase change with height corresponding

closely with the theoretical value for the (1 ,1) Rough mode was

evidence that part of a global oscillation was being resolved.

Observed phases were however a few hours later than values calculated

for the (1 ,1) mode wi th assumed tropospheric and stratospheric

• heat sources , and particular a t tent ion has been given to the

investigation of this difference by the analysis of fu r ther  observational

data and the detailed calculation of’ tidal fields. At present no

satisfactory explanation for the d i f fe rence  can be given.

When a second set of gr enad e da ta becam e available , this time

for Kourou whose lat i tude (5°N ) is very similar to that of Natal

but in the opposite hemisphere , analysis of 2L4 hourly wind components

• gave phases in good agreement with those at Natal [3]. Temperature

phases however changed more rapidly with height above 60 km having

a gradient which corresponded quite closely with the theoretical

value for the (1 ,2) Hough mode thereby indicat ing ’ the presence of

an equatori ally asymmetric component of oscillation.

The presence of (1 ,2) , (1 ,3) and hi gher order diurnal Rough

‘Si
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modes has been indicated by the gradients of phase with height

observed below 60 km in diurnal series of meteorological rocket

launchings at a number of mid and low latitude sites [4]. The

source of excitation is considered to be tropospheric water vapour

heating and the variations in its distribution that arise as a

consequence of tropospheric dynamics . Although no direct relationship

has been established between watervap our d ist r ibuL ion and the

tidal patterns , it is expected that excitation of the (1 ,1) mode

is fairly insensitive to the water vapour variations whereas the

higher modes on account of their more rapidly changihg horizontal

structure, as expressed for example by their Rough functions , are

variously excited at d i f fe ren t  times according to the water vapour

distr ibution.  The vertical dis t r ibut ion of a heat source is also

a factor upon which the excitation of a particular mode depends ,

and an analysis of semidiurnal components indicates that this may

be more critical than the horizontal distribution. Thus at low

latitudes theory shows that the (2,7) , (2 ,8) Rough functions

closely match the ( 1 ,2), (1 ,3) , whereas observed changes of phase

with height in semidiurnal components correspond not with the

(2,7) , (2,8) but with modes in the region of (2,16). Such modes

correspond to the (1,2), (1,3) in terms of their equivalent depths

and hence would be excited by heat sources of similar vertical

structure.

j According to tidal theory the diurnal (1,1), (1,2) , ... modes
.1 ,•

- 4 -
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are confined ,to low and mid latitudes whereas the higher order

semicliurnal modes would propagate at all latitudes. A few sets

of stratospheric data from high lati tude stations are available

and illustrate quite well the presence of propagating semidiurnal

modes and the absence of propagating diurnal modes ; a diurnal

oscillation at high labi tude comprising of stratospherically excited

trapped modes. At all latitudes , stratospheric semidiurnal oscillati ons

are considered to be strongly influenced by the tropospheric

distribution of water vapour and the detailed variations in this

distribution which give rice to the generation of b i c ;h order modes.

By tidal theory the nature of senidiurnal horizontal wind

components at high latitude may be simply described as at any height

the horizontal wind vector remains approximately ccnstan t in

magnitude and rotates clockwise in the N. hemisphere and anticlockwise

in the S. hemisphere whatever superposition of different modes may

be present. Data are available for only a few hi gh latitude sites

and unfortunately stratospheric semidiurnal wind niagr. itudes are

small (just a few rn/s ) , but the results obtained are largely in

agreement with th~ theoretical expectat ion . Such agreement supports

the view that the oscillations which are resolved from these short

time series of data are of global extent.

Calculations of the vertical properties of tidal oscillations

generated by assumed heat sources have been undertaken using the

equations of classical tidal theory . The theory neg lects

- 5 -
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non—linearities and molecular and eddy transport processes and

therefore becomes invalid at sufficiently great heights, say at
L

about 90 km according to the details of the calculation. Other

assumptions are involved and the theory may not be valid at lower

heights, but against these possible shortcomings , a useful description

of tidal fields is obtained in terms of separable dependences of

• latitude and height for prescribed modes of oscillation. Attention

has been given to the vertical properties of diurnal and semidiurnal

components [5] by the introduc’tio~i of weighting functions whose

application to given tropospheric and stratospheric heat sources

leads to an evaluation of the surface pressure oscillation. Su ch

weighting functions provide a simple means of assessing the contribution

of heat sources at various levels to the surface pressure oscillation.

Another weighting function has been introduced which weights the

heat source at any height according to the atmospheric response

that it generates at greater heights. These calculations have

been extended to obtain the energy fluxes propagating upwards in

the (1 ,1) and (1,3) Rough modes [6] . It is found that tropospheric

and stratospheric heat sources excite the (1 ,1) mode in opposite

phases and ,as a result of the cancellation produced , the net oscillation

and associated energy flux may be particularly sensitive to the

individual tropospheric and stratospheric excitations. Attention

has therefore been given to the detailed evaluation of the (1,1)

modes of tropospheric and stratospheric heating and it is reckoned

in these calculations that 38~ of the tidal amplitude arising from

— 6 —S S
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H
the tropospheric excitat ion is cancelled out by the stratospheric

• excitation . The energy f lux depe n ds on (a mpli tu de) 2 and is

correspondingly reduced below wha t would arise from tropospheric

• excitation alone . On account  of the meridional sh i f t  in the

global distribution of water vapour into the summer hemisphere a

sli ght  reduction at the solatices is to be expected in the (1 ,1)

tropospheric excitation with a possible semi-annual modulation of

the tidal energy flux entering the thermosphere. Calculations

have shown however that tie reduction in January i~ largely o f f s e t

by the shorter Sun—Earth dis tance , whi le  the reduct ion in July

is enhanced. Al t hou gh more de tai led calculations are required ,

it would appear that  the well—known deeper mini mum in thermospheric

air densities in July compared with  January may be accounted for

in this way .

As mentioned above , observed diurnal oscillations at Natal

and Kourou were found to maximize later by a few hours than those

calculated by theory for assumed tropospheric and stratospheric

heat sources. A time difference of ~ .( hou rs w~ir found between

the Natal observations and tides calculated for  the same lat itude

(5.9 °S)  and a maximum heating rate at local noon [7]. In attempting

to account for this difference , al ternat ive assumptions have been

introduced for the time of maximum heating [8] . The di f ference

• could readily be removed by taking the tropospheric heating rate

to maximize at 13.3 has instead of 12 noon, but  the (i , i ) mode of

— 7 —
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surface pressure oscillation would likewise be delayed and would

then disagree wi th the observed surface pressure phase . A way

of obtaining agreement with both the surface pressure and upper

atmosphere data would be to assume that the heating was delayed in

the upper troposphere and advanced in the lower troposphere . In

the absence of any identifiable process that would give rise to

such a variation , no satisfactory explanation for the difference

between the observed and calculated upper atmosphere phases can

yet be given.
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AN ANA LYSIS OF GRENADE-EXPERIMENT WINDS AND
TEMPERATURES AT NATAL (6’ S) FOR D I U R N A L  A N D
SEASONA L COMPONENTS r
( ; , V . ( IU)Vl  S
fli ’pa,’tm ’ i i t  of Hi I sh ’ i  u~iiJ I ~i, o o,o , I i i i ’ c ’ r o i i ’  ( u / l i e ’  l,onjo, i , l:n ,gla,iii ,

I v e f l t y — I ( ) u j -  i i i e i i J i i I ’ e \pe i ’ i i i l e n t ’, cari’ it ,d i i l i  in th e  , C ar s  I 966— 6 8 ar e  a ri a—
l~ sed for d i u r n a l  and sea~on , i I  coin p on en t s  at 35 — 9 0 km . R e s u lt s  are p r e sen t e d  as
a m p l i t u d e s  and ph ases and as t i m e  cr os-~c c t i o n s  in local t ime and m o n t h .  The
main cO i l ipof len t  of d iu rna l  v , i r i a i i o f l  ~ib o se  60 kin is i d e n h t t i e d  as t he  p r in c ipa l
p ropaga t ing  mode w i t h  a v e r t i c a l  wave l en gt  It oi about 3 1 k in . R i n s , va lues  ut
the  residuals  and t h e i r  var ia t ion  ‘. v i lh i  h e igh t  are also discussed ,

I .  INTRODUCTION
I N  TH U Y E A R S  1966— 68 , 24 l a u n c h i n g s  of N ike -( ’ a j u n  s o u n d i n g  r o c k e t s  n tb
g re n ade pa~ load s  we re carr ied out by N A S\  at  N a t a l , B r a , , i l  I 6 °S , 35 ‘ \V ) i s  pa rt
of th y  G SI ’ ’ Meteoro logica l  Sound ing  Ri i ’k e i  Progra m . I a c l i  pa~ load ca rried 19
grenades , p e r m i t t i n g  t empera tures  ar id w i n d s  to he measured  ii  h e i g h t s  bet  o ceo
35 and 1/5 kil l w i t h  an a v e r a g e  ver t ica l  resolut ion of about  3 kin  I I .2 ,3 1 .

‘Fl ie da ta  f rom i he ce l aunch ings  have a l ready  been used ill c o n j u n c t i o n  w i t h
da ta  t r o m  10 grenade and  pi tol tube  exper ime i l t s  at  •‘\ccens l in I s l an d  I S SI  to
ci i i l s t  ruc t  seasonal cro ss-sect  Oils of t e m p e r a t u r e  and of mer id iona l  and  ,.onal
s~i n i t s  for low l a t i t u d e s  f 4  I No a t t e m p t  w a s  i t i ade to a l low for t ida l  componen t s
e i t h e r  t heore t i ca l ly ,  bec ause  of u n c e r t a i n t i e s  i n v o l v e d  in t h e  t heo ry ,  or obs er va—
t i o n a l l y . I Ioss e~ er , t ida l  and o the r  r e l a t i v e l y  s h o r t — t e r m  l r i , i t io n s  were removed
to some e x t e n t  by ~he ave raging pro ce dures  adop ted  I lie d i s t r i b u t i o n  i t  l o c a l
t imes  of l a u n c h  was h e l p f u l  in t h i s  r e spect .

‘I lie h o u r l y  d i s t r i b u t i o n  oI l aunch  ij n le s  for the  24 \~i t , i l  i~re na d e l a i i t i e h i n i z c
is shown in ‘ I ab le  I . •‘\ I t h o u g l i  the  d i s t r i b u t i o n  is no t i d e a h l ~ un i fo rm , • I ’ s c r i , i i  h u t s

I t / f I • I’ I , I /our / i ’  I , ’ clrih ii (ion of  !tiiou’h oni  ‘i

I • i ~ ’ .i ~ t i t i n ’  I l i r t
i i I i , o ~ 1 2 0 4  i i 4 4 g ~ it  4 i 5 ( i S  III 10 —1 2 l2 -t 4 14—16 t i~- l s 52 ’) 2o— 22 22~ 4

i i
0 I 2 3 ~ ~ 0 “ i i  “l a u n c h r i n e ’ s

e x t e n d  over a s u f f i c i e n t  raiige of l ocal t i m e s  t o  i u i l i c , i l e  t h u  a t o r i i i a l  . , n , i l ~ ~ is

for  d i  i r n a l  e nn i p o i l e i l t s  u i t a y  g ive  s i g i t i l  c a n t  r esu l t s . I l ie  g’ i c c , l n r i ’ t o l I o w ~ d in
t h i s  paper is to i t l a l s s i ’ liii ’ \ ; i t , i l  d a t a  sj t n i i h i h i t l l ’O i i s I \  or  ( h i I I r T i , i j  and s~’~i ’ot i , ul

u_ ’ l u n i p O f l c n t s  i l l  heig h ts b e t w e e n  35 and  ( i S  k in . Suc h in , i t t , i l v s i s  n i s o l~ ins  the
s i i i t u l t a n e o t i s  d e t e r m i n a t i o n  ot d i u r n a l  and  5( ’,i~ i i i l i l l ~‘ S ) n i p O i W i l l S  din ’s not  . l l i l ~~

’ . I i

i i  have beell i t  i i ’ u t p i e d  previously

2 SE ASONAL AND D I U R N\ L  i I \ RA C T E R I S T IC S  01- I Iii UPPER
• ATM OSPH ERI ’ A l  1MW LA I ITt I I) I ’

A l o w ’ ’ t i t u d e  s i t e  co , i i ~~, i t i t ‘ i’’ i i  t h e  r c s o l u t i ’ n  o t  d i u i i n a l  and s1’ ,Is • o ia l

1 . ., 
~~~~~~~



(, . I ’ , (;ror ’~’s

com ponents :

( i) Cer ta in  d iu rna l  modes ( the pr opagating modes )  theoret ical l y max imize
at the equator and should be more readily detected at lat i tudes lower
than about 30°.

( i i )  Seasonal changes in t ida l  components  can be expected to be small at
low la t i tudes ,

( i i i )  Month -by -n ion th  var ia t ions  are more regular and can therefore be more
readily modelled at low l a t i tudes  than  at higher la t i tudes , where  winter-
t ime d is turbances  occur.

The mon th ly  d i s t r i b u t i o n  of l aunch  t imes is shown in Table 2 , A l though  the

T4 I/I. E 2, l I on  t / i l r  distr ihuoo, i of  la urie/i in~’5

\h in l h
J I \l \I J J \ S 0 N I)

No ot ’ 
i t  0 3 2 3 u , 5 i ) 5 0 3Ia un c tun rs

dist r i b u t i o n  is t a r  t r o n i  idea l ,  It 0 ould appear just  adequate  to cover the n iain
se,i sonal  va r i a t ions .

The relat ive inpor t ancc  of d iu rna l  and seasonal componen t s  may he appreciate d
• by comparisons between ava i labl e  reference at m ospheres 15 1 for the seasonal
• c iii  t~one nts  and the  ca lcu la t io n s  of Lindz cn for the diurnal  components 16 1,

I ’he ~easona I t em pera ture  variat ion at low la t i tude  increases up to 15 ° C at
‘ i t )  km and is con iparabl e  is oh the diurnal  ampl i tude at most heights . The season-
,ii and d i u i n a l  s a r i a t i o n s  of zon al  wind  speeds are comparable at 90 km . h u t  at

i~~er h e i g h t s  the  sea s onal  ch ,ing es esceed t h e  d iu rna l  ones, , ,~ t 40-55 km the
i i  ‘r id  scas i nal  change is ‘~0-0ti  iii  s wh i ch  exceed s  the  d iurna l  var ia t ion  by an

t i t er ‘ i t  i n a g n i t u d ’ ’

ME1 ’(OD OF A N A L Y S I S

h i t i l e s  I ’ :  t e n i p e r a t ir e . W -I and S N  w i n d  c iu n i p o n en t S  1 1 , 2 , 3 1 were  first  inter-
p da ted  ,.t I km h e i g h t  in te rva l s  V m nd c n m p o n e n t s  to the  casi and to the  no r th
a e t c t aken  .is po s l t i se , I w e n i~ t o u r  s a l u e s  of each pa rame te r , V obs, were available

• , I i  all  he igh t s  i’\ c e p t  r o a r  35 ,in ~ : ‘) S km . is h ere the  number  was sl ightly less. In
the  case ut  tc ni;le r~It lire a nd WI’ is m d  componen t i . ( ‘IRA models 15 1 were used
to i n t e rpo l a t e  V 11iodel, a va l u e  ut t h e  param et er  t ’or the  par t i cu lar  date of launch .
In t he  case of V- i  w i n d  components , 

~‘ modeI also included a con t r ibu t ion  for
the QBO , ca l cu l a t ed  f rom t h e  fo rmula  given in ( ‘ IRA 15 1 ,  as values  could exceed
10 iii , s b etween 35 and 40 km .

J ’h e method of least s q u a r e s  Wa s used to fit t he  f o r m

f( t , \1) = A 0 + 
~~ , ens + “ 2 sin + A 3 c uts  A4 sin

12  12  6 Ii

‘l.
irM sM is\I ,

+ A5 c~is • + A 1, s in — + • \ - .  ens + •\ ~ sin (I)
6 3 3

to t h e  24 b r  s l ig t i t l ~ les s )  v a lu es  oh V obs -V i notle l .  where  V h5 i s all observed
value , A , , . . .., A~ are n i n e  u n k r i o n t i s , I is local t ime and \l is  the da te  in months
and  dec imal  m on t h s  r ec k i ’ii ’ t  I i ’  i i i  I J , m n u a r v  as (1,0 I h e  i l i l ph l t l i d t ’ s  and pI,ases

C’ Son
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.4 na lysis of ’ Gr ’nade-Experirneni

i f the 24 hour ly ,  1 2  hour ly ,  I 2 mno n lh l y  and 6 m o n t h l y  components  were calcu-
lated a long w i i h m  e s t i m a t e s  of the i r  s tandard devia t ions  and those of A o , . . . . A~~.

I hie ca l cu la t ion  was repeated w i t h  ( i )  no d iu rna l  t e rms  t. m e . A i  to A4 = 0) and
( i i  I no seasonal t e r m s  ( i . e . Ac to A5 0) . Comparisons were made to see whether
the seasona l t e rms  calculated in I i )  and the d iurna l  te rms calculated in I n )  differed
s ign i f i can t ly  f rom those lound in the original sim u l t aneo us  ca lcu la t i on  of seasonal
and d i u r n a l  components.  I n  c e r t a i n  l imited height regions , 12  hour ly  and I 2
m o n t h l y  wind components  were found to be significantly increased by the inclu-

— sion of the other. At these heights  their  s imul taneo us  resolution was considered
u n r e a l i s t i c  using the data sample avai lable  and they  were th ere tore  calculated
separa te ly  ( s ec t ion  SI .  Tempera ture  componen t s  and all  24 hour ly  and 6 month ly
components  passed the test , Similar  checks were carried out by se t t ing  other
combina t ions  of the A’s to zero and  ..o lving for the remain ing  ones . A l though
sl ight ly d i f fe ren t  results were obtained , t h e  d i f ferences  were not s i gn i f i c an t  in
relat ion to the n i agni t i i de s  of time ca lcu la ted  s tandard deviat ions . I t  was t h e r e f o r e
concluded t h a t  w i th  the da ta  a v a i l a b l e  it  is is r e a l i s t i c  to  s i m u l t a n e o u s l y  e v a l u , , t e
the n ine  u n k n o w n s  in l ’qn . l . e xcept  in ce r ta in  l imi ted  height  regions ( sect ion 5) .

Another  point  to coti sider us w h e t h e r  a v a l u e  ca lcu la ted  for an u n k n o w n  at a
par t icular  height is s ig nm f i c an t l ~ d i f f e r e n t  f rom zero , ,‘~ i i i p l i t u~tes have been calcu-
lated (see below) whi ch d i f f e r  l r u m  it -rn hi’ a m o u n t s  less than  the i r  es t imated
s tandard  devia t ions , i nd ica t ing  wi th  high probabi l i ty  t h a t  time de te r m ina t i on  is
not s ignif icant ly  d i f fe ren t  f rom zero . No steps were t a k e n  to set such unknowns
to zero and re-evaluate  the  o the r s  as i (  t he  S i tua t ion  arose only in cer ta in  l imi t ed

• height regions and ( i i )  t he  e f f e c t  ol s e t t i n g  ce r t a in  u n k n o w n s  to zero had al ready
been inves t igated  and found  to he i n s i g n i f i c a n t  ( even wh en the  u n k n o w n s  set to
zero were s i g n i f i c a n t  lv non- c ero !  I ,

The resul ts  presented in t h i s  paper  were obta ined by the  least-squares so lu t ion
of I qn . I , w i t h  equal  weigh t ing  of the  , i b s e rva t u i ) n s . \t  first  c a l cu l a t i ons  w ere
ca rried out wi th  the  observat ions  weighted acs’ordi ml g to t h e  observa t iona l  error s

‘ported by the  e x p e r i m m i e n t e r s . A t  a few heights  t he  u n k n o w n s  were de t e rmined
w i t h  i mproved accuracy,  i .e . smal ler  s t andard  dev ia t ions , hut  at mi st h em ghts  the
,i i .c mira cy was considerably reduced by we igh t ing .  This ra the r  surpr is ing result
was a t t r i b u t e d  to the wide range of values reported for the  o b s e r v a t i o n a l  errors

~~ ( son i e t inm e s  they  d i f f er e d  by a t a c t o r  ot ten at t h e  s ame  he igh t )  r e su l t ing  in c c i -
ta m v a lu es  b e ing too heavi ly  d i scounted .

A l l  r esu l t s  reported in th is  paper ha ve been derived from observa t iona l  da ta  at
• co ns t an t  height  levels ( spaced I km a p a r t ) . •\ t  an  ea r ly  s t a g e , s imilar  c , d c u l a t i m i n s

were c ar r i e d  out w i t h  observat ional  data  i n t e rpo l a t ed  at  c on stam l t  pressure les d c .

A’. the  acc u rac y  of the  res u l t s  ob ta ined  wa s  not sm grt i t  i c a n t l v  d i f f e r e n t , ml w ,ms
decided t i m use cons tan t  height  levels b r  c o n semimdl l ce .

4, THE 24 HOURLY COMPONENTS

A m p l i t u d e s  i re  shown in Fig. I and phases in Fig.  2 . l ’ ac h t i o r i i o n ta l  l ine is cen-
i r e t  at the  ca lcu la ted  r e s u l t  and i t s  length  is t w i c e  the s t , m n d a r d  dev ia t ion  issu ci,i-
ted w i t h  th is  val u e . A short ver t ical  l ine is i n t r o d u c e d  to i n d i c a t e  t Im e centre  point
when t h e  ho r i zon t h u  I l ine  goes off scale .

Below 55 kn i  t e m p e r a t u r e  a m n p h i t u m te s  are small , wing  less t h a n  2’ U . S u ch
va lu e s  are con std e i  ably  less t h a n  I hose s~ti ich have he d T u reported I r u u u i i  nict eoro —
logical rocket  measu remen t s  (about I 0 ( 1  and are close to ti le m a g n i t u d e s  pre-
dicted by theory  N I  I’ m g. I shows t h a t  : i m iu p h i tudcs  of ’ I l) ’’ ( ‘ a re f i r s t  rea ched near
to 80 km and t h a t  a m p l i t u d e s  incr ea ’ .r  to  3t 1’ ( 

• jus t  above  90 km .
On class ical  t i da l  theory  SN wind ci l m i p o i l e n i s  due to e q u a t o r t a l l v  s~ m m c t r m c

d i i t r m r a l  h e a t i n g  are t h e m selves m is  m m c i  r u e  a m li i  respect to t ime e q u a t o r  where
1cm a m p l i t u d e s  oc cur .  I t  nm .mv t he re fore  ‘r ein su rp r i s ing  t h a t , a t  lust  l a t o u d e .
SN l i dal  c o m p i u n e n t s  ch i n  tie res o lved is m l h m  m i t a g n i t m u d e s  which  I m m a y  r’x c r ’r’i l WI
co mponen t s  at  cci i : i m n h e igh t s . I ’ or p ropaga t ing  min t ’s of the  24 h o u r l y  oscilla-
tion , th e t l i em ) re t i ca l  v a r i a t i o n  of SN t i d a l  a m i m p h i t l i d e s  w i t h  l a t i t u d e ’  is s r i  i . i p i d
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‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- --- •~~~~~.



ii~~~ ‘~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~‘~~~T .~~~~~~~~~~~

( . I ,

moo

90 
_ _  _ _

-
, 

‘ 80 _________ ________

E 70

~~ 6O~~~~
=

50 —

3C I I I I
0 10 20 30 °C 0 20 40 60 rn/s 0 20 40 60 rn/s

TEMPERATURE W ’ E  W i N D  5 - N  W IN O

I i~u . I .  t ) ium n ~u l z u mmi p h i tud es ,

IOu

g o ’  ________________

ii ~~~0 *  ii
~~ 60 

_  
_  

_

50 ____

40

I I I I I I I I i i i
8 0 6 ¶ 2 8 0 6 12 i2 18 0 6 12 (2 18 0 6 12 t8 0• Locai t u r n s  I h r t

TEMPERATURE W -  E WI NO S - N  WiND

I II’ , 2 I ) uuumn , mI  t l i . i s i ’s



_ _ _  
________ - 

~~~~~T: ’T~ I

1 n alrs is  of Gr eru a de-Exper inmeumt

close to (lie e q u a i o r  and ti l l  n m a g n i t u d e  of iu h s c’ r i a t u , i m ~s i s indeed reasonable.
Both WE and SN component s  reach about  30 n m’ s close to 90 kill above which

• 
, level a c c u r a c y  rapidly  decreases .

A notable  feature  of time t en ipe ra tu re  phase ( I - ’ ig. 2 ( i s  i t s  f a i r l y  un i f ’o rm ii de-
crease w i t h  height , the  mean gradient  being about  3 1 kin per 24 hours . ‘I’he oscil-

• 
‘ la t ion  therefore  has a vert ical  wave length  of 3 1 km mm . a value which corresponds

closely w i t h  t h a t  of t h e  p r inc ipa l  propagat ing ( I . l b  mode of time 24 hour ly  t ide .
Above 80 km . tI m e SN p hase changes by 24 hours in about  I 2 knm , a val u e wh ic h
co rre spommds closely wi t h  the  ver t ical  wavelength  of ’ t h e  ( I , 3 1 mode ,

Fr om classi cal t i d a l t heo ry it can he show n tha t , if only one mode is present ,

Phase of SN conmponent  = I’ hhuse i u t  W I component  ± 6 hr

where , for the ( I . l b  or ( I , 3 ( nuodes , t i me + sign holds for the S hem i sphere  and
the - sign for the N hemm i isphere , ( ‘onipar ison between the  p r o f i l e s  of WI ’  and SN
phase in Fig. 2 shows t h a t  th is  resul t  w i t h  the  + sign is well  supported above 60
kni , providing evidence for the  p redominance  of the  ( 1 , 1 )  mode or possibly t h e
(1 , 31 mode above 80 km .

5 . THE 12 HOURLY COMPONENTS
• A rm ip l i t ud es  are shown in l ug , .3 aimd are general ly less accurate ly  d c’ Ie r mrmine d  than

the 24 hour ly  m agn i t udes  ( I ’  u g. I ). I i i  f a c t , at  m m u a n y  he igh ts , the  v a l u e s  ,ure not
s igni f icant ly  d i f f e r e n t  f romn 1cm .

too
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Sma l l  SN m m m i p li t u md i’ s  , u r e  to  t ie e x ; c c t c i t  t r c i , i u i s r ’ t h e  l , u t m t u d e  us  , n l ~ ri ‘ and  t i m e
sr ’ m i u m d u u r  na l  component . u n l i k e  t I m e  d o u r  m u ) . d i n ’ s not  i f l i  r c , us ’ ’ i , f I u i , t i i  oil l im os r ig
away f r o m  t I m e  e q u a t o r , I lii ’ c urve of l ug. 3 u s ii theoretical u m n r ’ . i n t e r p o l a t e d  t om
( ° l a t i t u d e , f r o n t  t h e  r’ : i l c u u l h i t u i u i m ’ ‘ 1 t  ( Ii  u l h h m m h i t l  and  I u n d t e n  I I .  I he , i h s e l ’ a i i , i m i s
ar e  c i u n s i s t e n l  w i t h  h i ’ c i i i i r  t ’ \ i i ~‘ i I i i s s I l l~ i c , I I  .Sli  k imi . l l w c i i ’i , est ’n here l i i i ’
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values of 25 rn/s arc s t i l l  w i t h i n  I !“2 s t a n d a r d  d e v i , r  ions of the  curve ,  At  most
heigh ts the observed v a l u e s  exceed the ca lcula ted  ones s l igh t ly .

S imi lar  co m parisons be tween  t empera tu re  and WI wind  observat ions and
• theory are shown in F ig . 3 ’I’he theoret ical  curves were calculated I 7 . •~ I f o r  t he

equator hut  woul d not he very d i f fe ren t  at ~“S . At  most heights  the observed
• t emperature ampl i tudes  are less than the calculated ones . i ’o r WI ’. winds the

comparisomu is closest wi th  roughly equal  nu m nt uers  of observed values  f a l l i n g  on
ei ther  side of the curve ,

In certain height regions the semid iu mna l  components  could not lie satis-
fac tor i ly  resolved s imul t aneous ly  w i t h  the  seasonal components  and  accordingly
the l a t t e r  were omi t t ed  when ca l cu l a t i ng  Ihe  former . ‘I’he r e gu o mis  conceriled were
73-83 kni for WE winds  and 47 -55  km and  63-76 kn m for SN w i n d s ,

6. THE Ao T ER MS

Fig. 4 shows the re su l t s  ob t a ined  for A0 . For SN winds  N’ m odel = 0 and A~ re-
presents the c ommipon e n t  of p r e v a i l i n g f l o w . At  m ost he igh t s  th is  is n i t  s i g n i f i c a n t l y
d i f f e ren t  f rom ‘cr 1) , the  d i f f e r e n c e  exceeds 2o om ml y in t hm e region ol 50 k r m i  w lu r ’re
no r the r ly  f low u t  less t h a n  4 r i m ’ s  is i n d i c a t e d ,
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~~ For t e m p er a t u r e  m d  WI ”  a ru t s  N’ f l m i t d l * (I m d  \ ,  r ep r e s e n t s  t I m e  d u f ’ f e r e ’n e e

between p r e v a i l i n g  cot l ipons ’n t s  as rru i ’~ s u u i i ’ il  in t h e  at m o s p h e r e  and  a’. .i l ~’ i u l , i r e i t
• ‘ ( ‘or t ime  mod e l , ‘1 he most s u i t r i i i  k i l t  i h t ~\ i a t i , i ns I runli len u ’  i n  u i ’ i r m p i ’ ~’ . i t u u r r ’ hi ’—

l a t i n  35 and  ( 5  k ill ( f l l~ i i  ‘
~ 
( I N t  51) k m  mii i below the’ ( hR N i e n u p r ’r a t ’ .rc

model s i r e  b o i l pR-d i n n l , u n t  lv on NI R \ u i r i ’ ,i s u i r i ’r t t e n l s  r m i , st Is I k e r r  w i t h i n
few t m i u u r s  i f  loc h noon . l ) i u n n ; i l  c t l r ’c t ’ .  hi re ’ I , ’  s r ’ i l l  ( i i i ’ I l l ’ ’  , u i i o i u n t  f o t  t u e
i f u l  l r ’i cnc c  m d  a hi ~ s is i n d i c a t e d  ti et a e i ’ti the  ~1R \ t o i l  i ’ n ’ n . m l r ’ n i c , i s u r  iii’ t ech .
n u u l u m r ’s , t h e  NI R N  ( d a y t i m e  I u l u u i ’s b e ing  scu l L 1  ( f t i u ’ h m ’t i l i u m  t he  itt - u RI C i , i l u ues ,

For WI  w i n d s  s i g m i u t i c h m r l t i l e l u h m r t t m r u ’ s  i l l  N t i l t  ii.’ ’ . ‘ ‘ ~~
‘

‘ i u n u l  m r  t i m e  h i r i s i ’t
• h e i g h t s  and  , uu n ’ o r m i  i o  i t  Ou st  i tm s , I h i s  i l i l l c i c u ’  ‘ l i i i  1’ l i i i ’ i i  i i ’ r l i ’ i l u d m f l , m l

S i , ’
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variat ions in the WE flow between Nata l  and Ascension Is . ( 8 °S, I 4°W ) as it is
this  lat ter  site which pros ided the m ain input  of data to the C I R A  model at low
S la t i tudes  below 60 km.  Above 60 km A 0 does no t d i f fe r  s i g n i f i c a n t l y  f’rom zero
indica t ing  cons is tency between observat ions and the  model wi th  regard to the
prevailing component.

7. TIME CROSS-SECTIONS OF TEM PERATURE AND WIND AT
NATAL

Seasonal and d iu rna l  t i m e  cross-sections . de f ined  by

V diurf la l  A m cos -_+ A2 sin ~~~~-+ A 3  cOS~~~~~+ A4 sin ( 2 )

V seasonal V ( ’IR .\  + A 0 + \ s Cos + A 5 51 t 1  + .N cos + A 5 sin ~~ 3)

have been calcula ted  for t = 0, 2 , , . , 2 2  hr L. I and M 0, I I I . i . e . the fi rst
day of each t im onth , and are shown in Figs . 5 and 6 . i’he va lues  of A 0 .\~ are
those upon which Figs , I t o 4  are based. For SN winds  V (’IR ,\  = 0 and f or te mnp-
eratures  and WE winds i l ls the  value in te r po la ted  f room ( ‘ I R A  151 for the  l a t i t u d e
of Nata l  and the appropria te  va lue  of M ,

7. 1 Diurnal cross-sections (Fig , 5)

P a t t e r n s  of d i u r n a l  va r i a t ions  in t ipp er  a t m m u o s p h e r e  t e r n p c’r a t u u r e s  and  w i n d s  ha vc-
pre vious ly  been c o r l s t m u c t e d  fro mi m mu i l t i p l e  r i mc k u ’ t I a t m n c l u m n g s  w i t h i n  a 24 hour
period and from meteor  radar  i i h s e r v h i l i u , m l s . General  character is t ics  ‘ 1  sum eh plots
are the  detai led na tu re  of the v a n u a t u m m n s  f ro t h  wh ich  a d o w n w a r d  p ropaga t ion  of
p hase ca n of ten  he p i cked  out , i. e . cu ,u n t o u m r  p a t t e r n s  move d o w n w a r d s  to the  r i gh t .
I tie con tour  d ia gr amn m s in l u g  5 show s i m i l a r  c i , i r ; u c t c r i s i  cs . and it m a y  he noted

2 t h a t  only d iu rna l  and s e n i i u h m u m n a l  comp onents  have been used in t h e i r  ca l c u l a t ion
( I - t i n  2 ) ,

I f  t e m p e r a t  ure d m l f e r c t r ’ ’es u f  S ’’ ( ‘ arc  c’on smder e d  s u g n m l  m e a n t  ni any  large —
• s~ . u l c  s y n i u p t  Ic s t u d y .  t h e n  Fig.  5 s t m u u is s t h a t  i a r i a t m o n s  w i t h  local t i m e  should not

; he ignored above a b o u t  4 5  k rm m t o  a m i d ’ ; , t he  u h m u r n a l  c o n t r i b u t i o n  wi l l  gi u t e r a l l s
exceed S i i i  s j b ovc  4 5  k u  If ’ h e i t i p e r a t  m i r e  d i f f e r e n c e s  i r e  considered s ign i f i can t
wh en exceed ing  ± I 0’ ( , vat  i t R u n s  w i t h  lu ical  t i m e  shoul d  tiol he ignored ;i f i o i c

~ J 80 kin .

7, 2 Seasonal cro s s -s ect ions (Fig , 6)
H’

Fig 6 s huuuis ’ s t f i , i t  t e t u p e r ;u t u r e s  in the  s t ra tosphere  amid nmeso sph ere are’ f a i r ly  uni-
form t h r o u g h o u t  the  y ea r , cli ;, nug e s at the  st r . i t u ip . mu ms c  he mt i g less th ar ~ 1 t ) ” ( Al  s e
( 5  km ;u nn m , a l  ant i  s emi -ann u a l  cot iipo nu ’nt s are apparen t  and t h e  I o l a l  s , m mi , u  h u n
m a y  reach ~0

’’ ( ’ , The me sopause u s w e l l - d e f i n e d  f r o m  December t m  M u c h  and
closc t o  85 km hu t  for o the r  t m i o n t h s  t h e r e  u s a  d out i lu ’ t m n i n i m n u r n , th e  u pper r i i c s i u -

pause being ( lie ’ colder and located above 90 km 1 m m  J u n e  to September.
l i a r t m m o n u r ’ i t i , i l s s i s  of t l t e  W I’  w inds  from l ug , ii i n t o  t ne a n  + a n n u m a l  + semi-

a nn u ~i l c omponen t s  g ives  t h e -  r esu l t s  ‘ . I i ’u w t i  in 1 mg.  ( up p e r  b i . i g r . m r m i s  ‘ N s t r u ng
semi -annua l  o s c i l l a t i o n  in t he  e q u i m t i m r m a l  u pper s t ra tosphere  a u t t t  , u m m i p ) i t m u d e s  i’s’

r r - u ’u t i r m g  30 i i i ’ s h i h i s  pnr ’ v u i u i i s l y  I’u ee ni  pu m t i t e d  out  by  Reed I °I - t h i s  u w e i l l a t m o n  is
mt t i ne  regi omi R in l w ’, 7 , ‘N h ur c  ( 0  k uim a n n u a l  ,un d s e t i r u — a n n u a l  c’o r i u p u m n e n t s  ot

WI - winds have previous ly  been pr esented  m s merid iona l  c toss-sect  h u n ’ .  fr ito C) t i

M O N  l a t i t u d e  10 1 ,  \ I , m x  I , Min i I ~nd M m 2 in Erg 7 are fr ’ ,i t u r e s  w h i c h  are
t r ac ed  to h igher  l i t  1 t ides in Ret , I ( I N ’ .  ce r ta in  N a t a l  da t a  were’ used iii c o i m s i  I l i i i ’
i ng t i m e  cross-sect m ui ’ .  m l  Ref . 10 , ;m g r e e m t m e n t  is  not su i t  p n i s u t i g ,  I t ic  ph i .u s e s iii I’ u g
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t”ig , 7 , WE and SN wind components .

also agree with the results in Ref . h O  wi th  a s ix -month  change of da te . correspond-
ing to la t i tude  S. The e-aster h ies F in Fig. 7 belong to a belt of easter l ies ly ing  with-
in 200 of the equator  110 1 ? whereas the wester l ies W ex tend  to higher l a t i t u d e
(60 ° ).

It  should be noted that the temperature  and WE wind d iagrams in Fig. 6 de-
pend part ly  on the (‘IRA models 15 )  as well as the 24 Na ta l  grenade exper imen t s ,
having been calculated from Eqn . 3 . Table 2 shows an absence of grenade data
dur ing  parts of the year , the largest gap occurr ing in January-February .  and at
these t imes Fig. 6 is par t icular ly  dependent  on the (‘IRA models , In cont ras t , the
SN wind diagram in Fig. 6 is derived solely fron i  Na ta l  data  being time sum of the
harmonic  components  shown in Fig. 7 ( l o w e r  d i a g r a m s ) ,  The s e n m i - a n n u a l  corn-

• pont -nt has m a x i m u m  a m p l i t u d e s  in regions R m , R 2 ( w i t h  s i g n i f i c a m i c e s  of 2 to 3a ) .
In R 1 the p hase for m a x i m u m  nor thwards  flow is seen to he early Novetn h er (or
May)  and for R 2 us early February  (or Augus t  (. In o ther  a i n d s  the  flow direct ions
in R~ , R 2 are opposite . For the annua l  component , a n m p h i t u u l c s  in regions R u .
R 4 are s ignif icant  ( a t  about  the 2o level ( and again the f low d i r ec t  i u m n s  are u upp ’
osite , S imi lar  resu l t s  f rom other sites are needed to  enable  the ’  n a t u r e  uu l  t Ime
meridional  f lows to be it mit u iss eut .

S. AN ANALYSIS OF RESIDUALS

i’he res idual  of in observed v al ; ic , 
~

‘ i, bs i s d e f i n e d  ,is

Vt- = V 1th5 - ( V seaso na i + V d i u m r n a l  + V QRO )

where V seasona l V ti i im rna l are ca lcu la t ed  f r u m m  ( 31 ,m nd ( 2 1  and N’ QI(o i s i t -mo cx
cept for tIme WE wind for w h i c h  ii  is caL u l atc ’ d f r u u r t r t h e  re la t  uons h  p in ( 1  R N
1 5 1 . R u ’  -mean - squ ar c  values ( N t- ( 1  were ,m l u ’ u u l a t e d  at  each I k m  t i c u g lm t  In ter-
val , where the bar denotes  m u r ’r , u g ing  i i ’, ci t i m e  n u m n l h e r  ut  u u ( m s i ’rs , m h i  i ns w h u c l m  w a s
usua l ly  24 . Time curves in Fig. S sltow the  r u u u  i t  - n mea r m squa re  te’ t mm I m er at  lures . 1 u~sts
Wi W i n d s . U KMS. md SN winds , V t (M S
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l i i ,’, 11. Mean observational errors (~~( and RN I S values of ’ residuals .

In general a residual is partly ins t rumenta l  in origin and par t ly  a tmospher ic .
Es t ima tes  of i n s t r u n m e n t a l  errors have been provided h~ the exper imente r s  11 , 2 , 3 1
from which mean errors of observation ~ t , ~ u , and Av have been calculated .
These are shown in Fig. 8 wi th  a hor izonta l  bar equal to the  s t andard  d e v i a t i o n
of the i n s t r u m e n t a l  errors . In general Fig. 8 shows t h a t  t h e  R M S  values are gr eater
t h a n  the nit - an in s tnmmenta l  errors and can therefore he expected to arise from
variations in the atnmosphere . Except ions are at 50-60 km where the two are of
com parable magni tude;  and also at lower heights for SN winds ,

The origin of the residuals is not certain , bu t  possible sources arc wave m o t i o n s
(gravity or planetary waves) and small-scale tu rbu len t  f luc tua t ions .  Roth u m g M s
and v RMS generally increase wi th  height by a fac tor  of 10 between 35 and 90
km with uRMs exceeding vRM S at most heights below 80 km. The associated
kinteic  energies /uni t  volume , ½ PURMS, /2 pv~~M s ,  decrease by a factor  20 be-
tween 35 and 90 km on account of the  fall of densi ty p wi th  height  (F ig .  9) The
decrease in ½ pu~ MS is noticeably rapid below tI m e s t ratopause (40- 50 kni t , hut
it then increases just above the st ra topa u mse (50-55 k n m ) .  From calcula t ions  of ’ t he
Richardson number  from Nata l  grenade exper iments , there appears to he a region

• of marginal  s tab i l i ty  or even turbulence  at or s l ight ly  above the s t ra topause  1 1 1 1 .
Such a change in a tmospher ic  s tab i l i ty  may he responsible for the increase in
½ pu RMs just  above 50 km . Fig. 9 also shows an increase in PV~MS j u st above
t h e  s t ra topause  (50-55 km (.

9. CONCLUSIONS

Fron m 24 grenade exper iments  widely separated in t ime  ( r ive r  22  nmi on t hs (  at
Natal  it has been possible t o resolve d i u r n a l  and seasonal components.  In a pre-
vious  ana lys i s of s imi l a r  da t a  14 1 the seasonal componen t  only was o h t . m i n c d . A
low l a t i t ude  site is well s i tuated I or resolving t m d a t  mot ions  arising fro r mm prop-
aga t ing  modes (Section 2 ) . The 24 hour ly  varia ’ion s above 60 kt r l  are fou n d  to
have properties charac ter i s t ic  of the ( l , I (  mmmdc . having a vent  ca l  wave leng th  cf
about 31 km. ‘theory 16 1 has a l ready shown f h a t  t h i s  mode should p r e d o n m i n a t c
at low la h i tudes ,  There is evidence of the ( 1 , 3) n mmode p r e d u u n m m n a t i n g  in the SN

ci i i )
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w ind  osci l lat ion above 80 kill .
‘l Ime I 2 h o u r l y  v a r i a t i o n s  h ave ;u lso been e ’va lu mated  ari d a i m u p l i t u d c s  have been

co r i mpared wi ( I m theore t i ca l  values (F ig ,  3) . N t  u mmost  h eig h t s  t h e  obsenic d lentupera-
t i u r e  a n m p l m t t m d e s  are less t i man t I me t heo re t i ca l  ones . (‘u i r responding  12  h our l y  t ) t i ; is t ’s
ha ve yet  to he c x a m u i i n e d  in d e t a i l  anti  wi l l  he reported la ter .

In c l ;u ss uc a l  t i d a l  theory  161 . t i me backg r o un d a t m osph e r e is l a k e r m  to be at  res t ,
uu sOiI iL ’  t’\ i / t l i . howeve r , ti dal pa t t e rns  wil l  lie’ a f h c c t c d  li~ c h a nges in t h e  t r ; u n s —

mmmis sion ch a r a c t e r i s t i c s  n u t  t ime a t u m m o s p l m e r e .  Sea s onmul  v ; u n i a t i o n s  o)  W I ’  is ’ iu i i l s  at  I u m i i
l a t i t u d e  are q u i t e  apprec iab le  ( Fig. 6 )  a nid have  r r r ’v i o i us !~ been r e f e r r e d  t i u  ifl
t l m i s  r espec t  I I 2 1 ;  t he  e f fec ts  of WI ’ winds  on tIme  d i u mrn ; u l t i de  have been e s t i m m u l e d
and a t t e m m t i i m n  d r a w n  h i  t h e  possible d i f f i c u l t y  n u t  o b t a i n i n g  a l nnr ’~ ise ~n u u i i p . i !  i s o
of ohservat iom ls i v i t h m c lass i ca l  t heo ry ,  Fr om t h e  ol is ens’ ; i h i n u i i ; u I  s ole , t Ile present
ana lys i s  no w provides  s t rommg ev idence  t h a t  low l a t i t u d e  t i d a l  p a t t e r n s  are i l h u t
seriously m n f l u c i m c e d  by seaso imal va r i a t i ons  of time background  a t m o s p h e re , oIl m en-
Wis e  i t  w o u mhd not  itave heem l poss ible to  e x t r a c t  s i g i i i t  i t . u t i t  d i u u r n a l  c u h u m i p o u l e t i t s
fro r mm 24 u u h s e r v , u m i n u u m s  d i s t r i b u t e d  n uve r  d i f f e n e t m t  se ;usoni s , A L’ommi p i u n u so i m u u l
ih bsr ’ns ’ ;u l iou i s  w i t h  t h e o r y  wou ld  n I l  t i l c n e f o n e  app e ; u r  u n j u s t i f i e d  u n  t h e  . i s s i u m m i p -
l i o n  t h a t  the i m m e d i u u n m  was at rest atid su ch mm compar ison wi l l  he u t i d e r t a k e n  h a t e r ,

‘l’he secuind ( i m f f u c i u l t \  I h ; u t  su ’;I s n u h l , u I  v ; u n i a i m u n n ’ . i i i , i v p res en t  us t h ~u f m l  u u t m s c n u n i i i n ’
mu i l  u m h l n e m i s  se s i / , i u I I I V  p r o p a g a t i n g  t i d ; m l  t’ o n ( n i t i u l i oim , Seas omla l  a r id  d i u u n n ; u l  t e n i p —
r- r ; u t i u r r ’  c t t ; u n g e ’. at \ . u t a l  are of n u u m m g h m l y  t I re  s , i i i h u ’ t i m . u g n m t u u d e . b u t  s e , u s u i n , m I  is nd
c h m a n g e s  i r e  gr-mie n ; m Il y t nm um clu  g r e a t e n  t h a i m  d i u m r n m ; u l  ones  (h e sr ’ ; i s i u n . u i  r’tiange un W I
w i n d s  i t t  w een 40 min m i l  55 kn m is ~)J’ ’i ) )  nm s , N t ’ v e r t ) i r ’ lcss in ~p u n e  id l t u r ’sr ’ app a-
re n t t  d i l l  i c ’ u l h i c s  t i m e  d a t a  a n a l ~ sis Ier ’hmni u ! m u L ’s used here  Iiju ’ r’ t -n .ub lr -d s m e m i n t  c m i i i
re s u l t s  to  he o b b ; m h i i u ’ u l f o r  t h e  d i u n i l a l  c u b m i m p u n l e n t s  f r om ou s t  24 o l m s r ’ r v ; i t  m i m i ’ . .

• l i l t ’ sr ’; m s u n u i , i l  i ; u n i , u t i u u m i s  o h t ; m i n r ’ul are s l i u u s i ni ii i  F ini . ~~ . l e u i m p r ’ u a t u i r ’ m i d  \V I
w i n d  c i u u i i n u u h m ’ s p m m r t l y  nt’p u o d u u c e  r ’ ; I t i u n u ’s u f t h e  ( I R N t i t u u d r ’ h s  us w e l l  mu ’ . i i )  t h e  2 4
N , i I . i I e x p e r i m e n t s  for  w h m l e ’h la u nc h m I m I c s  a u n t ’ n , i l h m e r  st ’ ; u b l u ’ u e i t  I I ’ ; m t i l e  2 ) .  • \ m m n u m a l

;mi m d s e n m u - a i m n u m m l  c o t i t l i o t m c i l t s  0) W I s t i t i u l s  ; mt  n n n u s l  N l a t i t u d e s  li m i t ’ m i c i  i n u h i s l~
t ieeni ca l cu la t ed  I , i t m , u i i ’ ( m I (  k n i t )  ; ms a n m u e , m m t s  ol si n m n l v i r m g  , i i n n i u i s h i l m e n u m ’ ‘.1’ n o t i o n ’ I 1 d l
l ’he e o n m p u m m l e t i t s  fo r  N a I l  ( I  ig .  7)  a re c i l n s n s t e t l t  is m l i i  t h i e s n ’ t i m e r i d u n u t i ; u l  cr oss-

s u i t  S h i m s . 1 m m  S\ c o n i m p o n e m l l s  ( I m p . 7 )  i n h e r p r e t . I t i o n  is u i i u u r u ’ d i f f i c u l t  i s ’ i t h m u m i i t

S / n )
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s i n m i l a r  resu l t s  f ront  o the r  n i t e s  ,is no cor responding  i lm er i d ion a l  c ross-sect ions  are
a v a i l a b l e  and lon g i t u d i n a l  v ; u n u a i i o n s  may  be i m m m p o n t a n t .

Ar t  ana lys i s  of residual le mi mpen m ut t i r e s  and w i n d s  has shi o i s ’ ii t ha t  these ar t ’
g ene ra l ly  g rea t en  t h a n  the  errors of ’ obse rva t iomi  and can t h e r e f o r e  he e sp e ct e d  to
he atnmosp hen ic in origin. A fea tu re  of the wind residuals is the  increase m l  k i n e t i c
emie rgy  ‘ n u n m i i  v o luouc  j u s t  ahove the  s t r a lo p a u s e  (50- 53 kim i t for  w h i c h  a d ec re ;ms c
in a t i m m o s p l u e n i c  s t a b i l i t y  m t t h u s  l e i e l  m a y  be resp onsi l i le .
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THE CHARACTERISTICS AND APPLICATION OF AN
ON-BOARD COMPUTER FOR USE ON SPACECRAFT

ii

M. A , P E R R Y
huro,mean Spa ce Resc’arc/m Organi satio n , Euro ~mi ’an .S’~n au ‘ Rr ’sm ’ar c ’/ u ammci
Technology Centre , Noord mci / k , The .Netluc ’r/ a,u ds .

E SRO requirements for a stored programme genera l  purpose d i g i t a l  c o m p u t e r
for use on-board spacecraft are discussed. .~~ n iach in e  wh i ch  is  be ing  developed
under the ESRO Appl ied Research Program m e is b r i e l l y  descr ibed ,  I h i s  con mi-
puter  has aim add t ime of 2 , 8 micr ,  econds and uses a 16 h i t  word .  I’ m a n n  coil-
sumpt ion is es t imated  at 10 .6 Waths  and mass us t’\p t ’c t t ’ni to  he below 5 kg.

‘rhe interface between the  conlpu te r  anti  t h e  t e l e m e t r y  and  b e I c ~ , n i m n l a n d
system is discussed , and problems foreseen in reprogn ;umm in g t h i n ’ t’im n i p u t e n  in
fli ght via the spacecraft te l eco m nmand l i n k  min t .’ b r i e f l y  n ’ x p n s c d ,

1. INTRODUCTION
‘[‘H E LA I I ’  S I X T I E S  b rough t  an i n t e r e s t  in the  a d v a n t a g e s  wh ich a s l u m m e d  p r i m ’
gramme digi ta l  co m pumter  had to o f f e r  s c i en t i f i c  s a t e l l i t e s . 5 n u n i m t er n u t  sa t e l l i t e
computers  are kn own to have been s t u d i e d  I I  It) 7 1,  a l t h m h b u m gh not all h a v e  f i n a l l y
resulted in h a r d w a r e  as y en ,

Table I s u m m a r i z e s  t h e  c h a r a c t e r i s t i c s  of some typ ica l  uu mach iu i e s  of I u i ropean
origin . Apa r t  f r o m  t h e  unan in lous  choice of a I m ’  h i t  is n u r d  l eng l  hi , t h e se c m i m p u m t -
ers are all very d i f f e r e n t  fro ru m each other  in concept .  “s g , m ; n s i  suu ch ,m h ack gro um nd ,
the E SRO require m ents , in terms of on-hoard computers . w e r e  considered ant i
uses to which these machines  cant he p u t  n . ivc been e x a n m i n e d ,

• TA A l E  1. European o,m.hoard eom,mnu feri’ .
__________ __________

A II (‘ 1) 1

Power c on su im lpt i on I W d n ’ i  12 8 3 4 14 , 5
\ i . i s ’, (kg )  3 .5 8 2 5 5 I li
Menmory capaci ty  4k P051 2 8K P551 4K P A S t  5k P .551 5K P.551

1K RAM
Word Ie ngth ( b i t s (  16 16 16 ft 16
Nu mber  of ins t ruc t ions  53 2 23 25 4 3
Serial or p m mra ll e l I’ S S S t’

2. INITIAL CONSIDERA ’I  IONS

~~ A sa te l l i t e  compute r  should not ov e r t i mm nden  the  onus ’. .in t f power l~n m n l g e i  s mi t h e
host vehic le . ‘t ables 2 and  3 compare d m m t a  for t h r e e ’  nu ’p rn ’ s e r m I , m i  i i  ~‘ I’. SR( )  s i e t u t i
i r e  s , m i e l ) u t e s  whic h  Imav u ’ been s t u d i e d  at v ,i r ious t i u i i e s  ‘s i t e  how in ‘I able 2 th c
on.ho ard e l ec t ron i c  s y s t e u m m s  ( i cc i u p y  m uro um n t h  I 7 percent cu t t he  h n u t . m l  n i as s , Ta b le
3 n h 1 5 1  r i m e ’ .  t he  t y p i c a l  power h umd g et  a l l o c a t i o n  o n  t h i s  k ind  of ro u gh t m , u s i s , a n ’
concluded t h a t  a u seful  s a t e l h i h e  conm i pu l e r  should c m t l s i u n u i t ’  no noire I h a m i  I 0 55 ut i s
and shou uh h weigh not more t h a n  5 kg w i t h  ~d i ’ m n ,  ss’m n r d s  it  m m m i i i

A d d i t i o n a l  r equ i rement s . t c ’rmi i- il  fronl  t h e  n m p e n ; m l m n u i i ; i I  n u n i s t  u n i t s , w e r t  the

.~ l2

—- — _______  
_________________— 
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Diurnal and semidiurnal oscillations of the upper atmosphere
derived from grenade experiments at Natal, Brazil

0. V. GisovEs
Department of Ph ysics and As i . i ’oninruy , ‘h.’mu iversi ty College , London

( I c e e i i ’c n l  18 October 1974)

Abstract—Results are pm ’esentm id of am 1mlmtude s and p liasm”s ’ I’ h i u u r n a l  amid semnidiurnal temporat i,mro
and wind oscillations between 35 and 90 km at Natal ( 6 5 , 35°W) derived from 24 grenad e ex-
periments. Eight launchings in October gave diurnal comump onen t s which were similar to those
from ten launuchin gs in May—August , both sets of results h aving phase profiles characteristic of
the (1 ,1) tidal mode. Semidiurnal components dorived from the combined 24 launchings showed
rap id changes of phase at certain Imei ghts with almost constant phase at intermediate hme i ghts .
Small numbers u’~ launchings were foun i t to be sufficient to resolve the diurnal oscillation im u di .
ca t immg that this was the main component of atmosp hermc variation on the 24 hr time scale but
semidiurnal oscillations could not be satisfactorily resolved with sm all numbers of launchings.

1. INTRODUCTION 2.1. F u m e  La mm mmc lm ings ( 1— 2 October 1966)

Tw e n t v f o n u r  Xike .Cajun sounthng rockets with .Snu m mmmpor tan t  factor sv l i ie lu  l imits the resolution

grenade pay loads were hsmmnch e d at Natal , J3m ’azi l of diu rnal variationms me t Ime variabili ty of back- , 
2

(6 0, 35°W )  by th e NASA Goddard Space Fti ghi t ground wind s armd tenmperatur es. If , imoweve r ,
Center l,etsveen May 1966 am md March 1968 l a um nc hu i ngs are held wit h in an interval of eisa or
(S~emT 1r m’t (ii., 1968 , 1969. 1970; TILEON ci oh .. t o o  dusys . eh man ~~ os (turn ’ to t h e  seasonal trend are

1972). In an earlier analysis (GRovEs , 1974) of relativm ’l y sm u u a ll  . A isu’n in ’s mi f  t i v ~ stm~ li l au im ch in gs
the wim id and tomperat nmrm s data fm’omn thmese ox- took place at Nat al  on 1—2 Oclober ll(66. L aum m ue lu
periments seasonal and ditirnal components were times were v’s m ’ i m l y spnuccd over a 30 h r  peronul.

sl in n m l t u t u i m  ‘ , u i ’ ,i~ ’ resolved between 31 and 90 i~~ 
but t h e  first and four) Ii launchu ings \ u m ’ n m n  alnoust

A notable feature of the diurnal oscillation was a exaet l y 24 h r  apart , pros i m lu m i g  m ’ i t ’u ’ u ’ t i i  m ’ l v  u m m u l y

ph a s e ci n m u u i g u ,’ with lu ei glut ch iar net er is t ic of ( n h  four duff er u .’ m i t  kucal t u n u i n ’ s ,
(1 , 1) t idal  u m m ,n i l m ’ . ‘j im m ’hs — e ’ h i o i u n l v  a i o h u l t t u m l m ’ —n su ’u ’ rrn 1(1 dn ’ i ’nv o  bot h th u m mm ’ um al  arid e~’ imuu ~l i i  n n i n i l i-n iii—

evaluated arid com pared w i t O t l u i ’ n u r \ ’  b nmt  p h ases luu ’m n n n ’ n i I s , f i s t ’  u m u k n o o  is  in ’ ’m ’ u l t i m  6, m n u t r u u m l u m e c ’ d  mu s it

required a nioro detailed exa immimuat ion u  a m n m l  were j mr c~vt c m l m n m g  e o t i n p o i u t ’ r u t  is i r i s  I n n  ‘ ii  as us ‘II mu ’ .  t h e

not repcmn ’t ’ u l .  n u i m i l i l n t n m l h ( ’ s .’ u u i m I  ph ase n m n i g l ’s m l  t In t . ’  t w  m m m i t  I .  r

Anut l ~ — j  . of t ime  Na ta l  mlu ’utui has s i t n e m ’  c m n t i t i u n u u n ’ m l  i -m i n i 1  ‘mi n ts .  \V u t h i  m l n i t n u  mit usm u lv  f h m i m r  di ffm , ’m’ u ’ i i t

iv ith t im ’ ’  i ’ i i  m m v i  r i g  m~~ ,,j u ‘ i - f l  i i ’ s iii n’mi mini :  loenul t im mim a a d i n  !i i l  m u ‘ tn  mm , n n u l v s u s  sm’n u s h o t  h i m so i t  1,

11) ‘1’ ’ u u l u ’ u ’ i ’ .  m ’ n l i n m n ’ n m n i  I a r i d  i n n ’ m ’ i i , l  u m u ’ m i . i , h  ( m m  I l I n t ’  s m ’ t m i k h i u m i ’ i u i u l  c o m m n p o m u u ’ m u t  was  m l  n u n ’, ’  f i r e

tm m u n e u m l  s 6 n .- ml mg r ’  ‘ I  n~ u.s m f  t I m , ’  2 4  I m u t m u i c i  h u g e  m m  n i l  n u n  n n i ’ ~ l . ’r .’i ‘ n h .  ‘I  I n n ’  u m m m m m u l  i ‘r r uf  t i m n l t i um, im mis  i n  u s t I  ‘ml

en n u m n p . u r ’ ’  n I n u ’  n’ ‘ . ,n u ln  m n h u l m t j u i n ’ u l  I In m ’ ’ n ’ ’ ,in u l  I “0 u h n ’ g u ’ ~’n’ s u,f freed om ’m u a u ’ u , o availa im le
(2)  ‘i ’m m’x n umi iiti m ’ t ln u ’ u’ f 6’n’I is’ u ’ii u ’s ’ . of small fu r’ e ’ s t i u u i I u t  u u m i , ~ t I m e  u sen’ u u t ’ n cm’ v uhf t h e  diurnusi d’ n ’ n u u —

r u n m u m m h , u ’ n . s  of l n u n m m m u ’ l n m m i g . ’u in I n m ’  s t m o l v  of mlium r mumcl  u tu u t i  Ii mn ’ m n i ,

‘ m n u u m l i m u i ’ r n u  I vut r i u l t  m i n e .  ‘ 1 1 m m ’  i’ ”. h ilts m if t I n s s u n  u k
are pi’u ’ s i ’ m i m t ’ m l  l n m ’ I m n n u ’ . 2. 2 . E,~ I i t  L n n n m j , ’h n , nq , ’n I

’
ll E m r / i ~ Oi l ,l,, r ( 1— 2 ~ , to t , r

1966: 1 4 — 1 3  ~~, i,, 1,, r 196 7 }

2. DATES AND TIMES OF THE NATAL LAUNCHINGS 
1k’ m’ m h n m u h m l n u l n n e  l i n t ’  i i , ’  h n m n i m m c l u n t m : ~-u u , f  I 2 Oet olme r

AND SELECT ION OF SUBGROUPS FOR ANALYSIS 
191, 1, w i t h  t I n ”  t O n , ’ , ’  l . u u m u u u ’ l u u i i g .  u’uf I I  13 () u ’t cul , , ’ r  -‘P167. ms s n i t b g r h ~ hi p  u s fn’ u ’m n ’  I fm n r a l m m ~ I u n u l l  u lmm t a

I” r u i mu r i m ” u l n u t , ’ s  mm m i t m i u u i ’ S  of l u u m m u m u ’ i n i n i g s  in r u ’ t m n n ’ t o ( t i m ’  f i r s t  11) 111’ ‘f ( h I  ‘ l i i- . ‘ I ’ ) , , ‘ i ~, d t
‘I’uublo 1 , ‘ . n u bm sn ’ m m u m h h e  of l i m i m n n t ,’ l h u u n g . -n mm ii ’  iu h’ m mt l i m i t  l u m m m i u m ’ h n u i u g e  lmr ~ s’umlm ~ s ix  e f f l ’c tmvu ’Iv  , l i f h ’, ’ n u ’ n m t  ‘m m ii
wh ich ui nn g h ut u n’ .n ’ f imll y hum , u un mnu lvsn’mI f r  m lm turmm u’ul u t mum l  t mim es atud ( m u ’  p m n s ’ . u l ’ n l n t v  u n f  u hm ’ r n v uimg h i m  l uu m rn a l
me’ i i i ,  hum m u ,  n il m m s m ’ l  la) ions at I ni u n  i’m kin liii’s u ‘r mm m l C ut mmm i i  it irn um h i n n  ‘CIt ‘i n m e a mu I~ ‘ — n h  n m i n t  I t ’ s  u if
tin , — I  n 1 u ’ ’ \‘ ‘ ‘n m i ’ . ml m u:’ m u m ’ , ’ ’ n ’ , n ’ ’ i ’  I m , , ~ ’’ , l ‘ n i  i t i , ’ ’ ’ nl u ’ ’, ‘ ‘ h ’ s ’  I i ’ ’
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Table 1. 1°,, ,,’. an(t local times of Nata l grenade experiment laumn i ’lui ng e

Local Lccai
ray :~ sth Year ,e Day ‘::~ e~ Year  :~~ e

~: ::: ~ 

1 7

F 25 “ “ 0613 15 “ “

7 Aug’,mst 19~~ 0i,.1L~ 15 “ “ 2C2 in

7 “ “ 21:5 13 ece :her 196 7 1Cr)

26 “ 1967 0~CS 18 “ 22~ 9

26 “ “ 2:1~ “ “ :c~a

2 ” , Ten Launduings in May—Augus t  (1 .3  Slay 3. DIURNAL VARIATIONS
1966; 7 Augu.et 1966; 24-25 ,Jn ,ne 1967; 26 27 The m’esults obtained for temperature, W’—E
August 1967) and S—N wind ci npo nn ents for time different

On examinirsg Table 1 for possible seasonal subgrn unm p s are commipared in Figs. 1—3 with  those
groupings of launchings, it is seen th at during from thu , t,,crlier analysis of time combined 24

the month s November—February onl y t lur eolauir ich . lau nch ings. T h e  results from the different sub.
ings were held (in December), whereas for May— groups are represented by horizontal lines centred
August there were ten. This group was selected on the calculated values and equal in length to
as representing solstice conditions (N. Im emisp imer o twice the corresponding estimated standard devia.
summer) for which the results mi ght usefull y be tions. The continuous curves which are repeateml
compared with tlmose from th e  earl y October on each diagram are from the anal ysis of the coin .
linings representing equinox conditions. bined 24 launch ings. Errors pro vioumsl y estimated

too
] , - , 

as1 n : : —

It — , 
‘ ‘ I v’ ‘a-’ , C -‘a 
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a ~~~~~~~~~~~~~ 
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5.

Fi g. 1. Diurnal amp h itmid es (up per diagrams) mind ( i n n ” .  of n snxin suim u (lower diagram s) for
temperature based on (a) five launchings , 1 — 2  O e t m i b m , ’ r  I 966 ; (b) , ‘ lgt it laun chiu m u gs in ear ly Oc t o t b b ’r ;

(c) t en ,  l au mne ii i ng s in ~uhuu y— A u i g ust ;  — -~~~~ 2 )  lum un ch ing s .
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Fig. 2. Diurnal oscillations of ~V—E wind corresponding to Fig, 1.

(GROVEs . 1974) for the continuous curves are not maximum) is remarkably close in both tempera.
shown ha m s ’ to avoid confusioso. turo and wind (Fi gs. I ( a)—3 (a)) . Agreement

between amplitudes is not generally good , time
3.1. J u T  Ln mus u ch ings  in 30 hr ( 1—2 October 1966): values for the fIve launchings being greater than

I mci .” . I .u , - .3(a ) those for time 24 at many hei ghts (particularl y in
A l t I n , i : m n ! I n  data were available at only fouir temperature) and not as accurately determined,

ef fectivel y different local tim mit ’ s . results were A decrease of accuracy is to be expected with
oh ,m tained at m ost heig hts with no great loss of fr ’sver data points and the greater amplitudes are
significarmee . Only above 70 km in tIme wind probably a statistical effect arising with the
components are error bars much greator th an th ose small number of launchings. A check anal ysis
for the 24 Inu nmeimi ng . s .  Possible reason s for this n-as carried out with decreasing amounts of data
apparent s igm mm fi cance are that (i)  wit h t I m e five fromis an o t h e r  soumree and a similar effect developed
laiunch imngs variations of time backgrou nd atmnos - for a ‘ . n u m n i p lu ’  size equivalent to t h a t  of i hu e  five
phere wu ’:” ’  ~i’u im l y n’ u ’ u l n m eu ,’d; ( i i )  i O n ’  m’ m ’smnl ts nin e Natal luu u mmclm ings.
not il(’cnI”.snurn lv is ni-emirate as error bars indi cate ,
error (‘s:m n h n n u t L i ii i t lnu ’ l f  being su bject to comm- 3.2. Eiglmt L I m i a ? m e / o n n q m n  jim Earl y October ( 1 - 2  October

siderable n a , n ’ m ’n i a i u u t y  when only 1 or 2 degrees 1966; 14—15 October 1967): J ” ,
~i’.. 1 (b)—3(b(

‘~~ 1 of freedu nu n hire avui ilable. ‘i’I u e eight Oct ober lau nch ings were first analysed

Some j, , n l ; , ,’ . mm ‘ml of t l u m ’  general validity of the for diurnal and s e mu m idinmrna l  comm ipone nts si m num l .

t ’ I re sumtt s f i n  a n n  t I me live hu t i mm u c hui mug s  is provided by tanc’ously, mind th erm t I m e  analysis was repeated
comp arimu g t j  n iii with those from tIn e  24 lau nch ings, with the sem id im mrru nl component neglected to
n\ g i ’ee im/  m l  I , iii ‘u-mu 111 1150 n t n g h ’ s  (i t” . (irises uf ascertain the effect on t h e  ( l iumrna l component.
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Both sets of results Sure shown iii Fig. 1 (b )—3 (b) the analysis si nu s r u ’p u ’mu : ’  €1 w i t h  t h e  scu midiurnal
b plotting values at even heigluts witi m the semi- component neglected. Results a r , ’ obtained
ditirnal component included in time analysis, ( Figs. l (c )—3 ( c) )  sn ’Iuic h are smmni la r  to t h i n n ’ . u ’  fromii t I m e
and at odd heights with it omitted. ‘l’lme effect of 24 lau nch in gs ( the  c i n m u l i h m n m u n m m s  h i r nu ” s )  arid fm ’oni t Ime
neglecting the semidiurmial component on the eigh t  Oct ober iusnmunc ’hu ings  (Fi gs. 1 ) b ) — 3 ( b ) ) .  A gree.
calculation of tile diurnal is clearly in si gi’miflcant. ment bn ’t w’ i ’ m ’ t m  PI u as’s is par t icu lumr lv  m ’ € n n l ’ n n u  : for

‘l’he results from t h e  eight launchings would amplitumdes small differences are pr~”. ’ n n u  h ) um t t h n i ’ sn ’
not be expected to differ greatly from th ose of may not be si gnificmu nt in viu ’w of t h u .  ‘ . i Z m F  of t I m e
t ime five launch ings as th ese are included among error bars , From th ese two inde pemm denu t groups
the eight and , in time main , Figs. l (b)—3(b)  confirm of eiglm t amud t i ’ uu  launchings , time d ium ’ m mul  escilla.
th is expectation. Amplitudes (particularl y of tions derived are consistent w i t h  regard to t h eir
temperature) tend to be smaller with th ue eigh t  m ain features for dates represemutativ e of cs 1u iml i ,x
th an the fi ve launchings: a change timat m any  lie and solstice conditions.
attributed to the increase of data points. (The
check analysis referred to above showed a sim ilar 4. SEMI DIURNA L VARIAT IONS
reduction of amplitudes when the data samp le 4.1. Observa tiona l Results for  Natal :  Fig. 4
was likewise increased.) Amplitudes and pimases of time sen,idiurnum l

At most hei ghts time results from the eigh t  oscillation d erived by analysis of data fromm i t I m e
launchings are consistent with those from the commi bined 24 lau nch ings are sumown in Fig. 4.
24 launchings (time continuous lines in Figs. The amplitudes h ave been presented previousl y
1(b )—3(b)) ;  and the comnparison indicates that (G RO v ES , 1974) tog i ’thie r w i th  an aecoumst of time
early October diurnal tidal patterns are not mr u o tiiod of analysis and a comparison w ith thmeory
conspicuously different from those at ot hmer (LTNDzEN , 1968; CHA.PMAOC and LmNDZEN , 1 9 7 m m ) ,
times of the year when the remaining launchings I t  w’as foummd tha t  observed tensperatu re am plitu des
took place. were loss t l m a i m  m I n i ’  t imeoretica l ommes at most

n m ’ n g l i t s .  Obs,’rved wind amplitudes u s ,  ‘n’ ~’ gemme r a l lv
3.3. Ten Launchings ium , May—.[ nmgus t ( 1 , 3 STay s i n i m i l a r  u ,  t h u m ,’umrv , bt mt observational u ’rrors n- ne

1966; 7 August 1966; 24—25 Ju tue 1967 ;26— 27 tus o l u ng ,’ f,mr ch m ’t nu i l u ’ml comparisons to 1 ’  mmmdc ,
Augus t  1967): Fi gs. 1 (c)—3( c)  He sumits for I I nm ’  correspondiimg I ‘ l n a u ’ ~ are

flat were first analysed for diumrnal and sen’u i -  sh i own  i n n  1” u ,o, 4 an u d umn e notable for t I me  rap id
diurnal co m ponents simultaneouisi y, buut u m i m l i k i ’  c hanges ‘f plmase at certain hei ghts  su i t h ,  almost
time results from time eigh t  October lau nch ings , constant r iimos ~’ at im m tu ’r m n cchi a te  h n e i e l n l ’ -n , In the
t Ime estimated standard deviations Were too large S -N w inds , ch anges appear at 47 45 kin amid
for thmo results to be considered significant and ! n n , n ’ .i I n l V  at o t h e r  h mm ’ igh i t s  in disagr ee mumenut wi t h
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th eoretical results (CHAPMAN and I , mNimzJ ’,N , 1970) drift observations of ionosp iueric im’n e~rn m i a n i t i e s
w’lmich predict a pimaso revem-sal at about 28 kin and both nsetiuods have sh own m n i r m i m n i u t m n  a n m u i m l i .
amid a constamit phuase at all h e i g h t s up to abou t t udes in northern luemi sphmei’ n: sumi u mim er )S i ’uu i : N C E Iu
80 kin. These theoretical results Imav e previousl y et al , ,  1971).  The failure to extract a sig u n i f icant
beemi found to disagru ’ ,’ wit h ob s e r v u i t n u n u s  at su ’ m u m imh uurna l  ci ru iponent from smu ma ll n u m n u n h ’ ’ : ’ s  cuf
300 and 37°N (REED , 1972) to u v h mic l m f n m i’ t h m . ’ r  Natal la u nc h mimugs di stribu mt e d ovn ’r extended i ’ m - n ods
ref’u’rence will be mache below, of tir n uu ’ ins t}nu ’refore m e t  smirpnis ing.

At first time possibility was cm nim n s iu lu ’ red  t h i n t  At lower h iu ’ ig h mt s results h ave bec’n giv. ’ru l i v
time rap id changes of phase i m u i ghut  h ,m u ,r Sp mml ’ iOU s  R F , E m u  ( 1967 , 1972 ) for 30 to 60 k iu i  d u ’ i i s  ,‘d fi ’onmu
(arising for example in regim ’ i u s  of smum n u l l  um immp lu .  su m m u i : n u ’ r l i m n e  mn u . ’t e o ro l og ical rocket n-m ud data
tude) and sub groups of t I n s  24 l a umu cl uniu g s  were r u m o r  to summer 1966. A notable fu a tu ru n u n f  t i m e
therefore analysed to see w lm et l mer t Ime s n u i m n u ’  p hu a s~’ r . ’smil t s at both 3m ) ’ N (Cape Kenned y and W ’imite
profiles could be reprod nmcecl w i t h  in u de pen m I en t  Sands) and 37 °X (Green Rivm ’r , Wallops Island
sets of data. ‘l ’huu ’ fniiure to obt ui imm a si gnm fi cam mt ari d l’oint M uugmm) is a rapid change of phase in
semnidiurnal conlponemut with the t emu ~Inu y _ ’A ug u i ni t t ime S—N wind oscillation near 50 km. At Natal a
laun m chings has h,ieen rc’fcr red to alread y ( S. ’etio mm p h ase change also occurs near 50 km but time
3.3). Time group of sixteen launchings consisting correspondence would appear to be fortuitous as
of all but time eig l m t October laumm cl ’in gs also differences of latitude ar id season are involved.
fuui !ed to provide significant results. n ile group Neverth eless, time ra pid phase change in t ime
of ei gh t  October iaunchiings gave significant 30° and 37~N r esumlts is well established omi ti le
rm ’s t ml ts as mentionc’cl above (Section 3.2) but basis of many hun dred s of observations and
amp litudes uvere generall y increasem l. Pimases , on lends support to tIne view t imat similar ch anges in
ti m , other h and , were renuarkabl y consistent with t ime Natal results are also real featu mre s of the
ti m ose of tIme 24 l aummmc hu ings , reproducing time smumn o atm mm os p hm cre . As mentioned alread y, botim sets of
rapid ch uang c’s at t ine  sam e heigh t s . TIme conm . results fail to comu firm ~~~~~~~ t lueo neti eai results
par ison is shown imm Fi g. 4. In sn i m n n uu a r v , tile of a constant ph ase between 30 uund tel kni . A
pattern of rap id phm aso changes foun d u vit h u the possible c’aumse of t h e  disa gree ment put fcni’ward j im
24 launc h in gs suas also pr c’s m ’nut with t I n e  emg imt (‘Onu n ec t i O n uvit im ( lie 300— 3 7 X  r , ’ s nul t s  (RE E D ,
October ian iui chu ing s ; bu mt for two groups of ten 1972)  is that the observations \u-ere made at t h e
uun d sixteen launchings , w h i ch excluded ths e~e t u ne of sunmmer stratospheric east , ’rhies whereas
eight , no significant values n-crc obtained, the theoretical results appl y to an atmosphere at

‘I’Inu ’ foregoimm g r esmilts are tak m ’n m to indicate r c’st. Calculations of time semidiurnal tide with
th at a spu nmr mn u s effect was u m rm hik m ’l y to be prm’ sei ut zonal circulation included have indeed shown
un n m account of time sirmii la ri t 3 ’ hc’tuu’een re , snm its for gemuera l agreement with time seasonal tremid of
thi e u,~roups of u ’n g bu t  and 24 hm iunc hu in gs (a i t h nomi ghm exper inuental values fro imr meteor trail drift s
the e, arm ’ not ai ’tua ll y inde pe imdu snt groups). and iommosp lme nic irregularities (GRAYzIGER et al..
‘I’I uu ’  famiuro of t h u. ten an d sixteen la n m i l c i min g 1971). Comparisons between experimern t and
anal yses wonm i d appear to hi ’ m l n m e  to time extended th eory w ould provi d e a nmior e critical f i s t  if I l l ’

4 , disl r ’ u l u n m t m , , n  u uf t h e i r  laun ch dates amud associated vertical profilu ’ of the osci l lu ut i un mu could m u l s u n  be
v a r i m m t m u n t i s  in t ime lnaek gro mmnd atnno sp huero or in m ’ x a imuimmed.  ‘I ’iue mmmeteor te c h un mi u 1i i c ’  i s  m’ffu’cl ive

t i m ’’ s. ‘ m u m  id mum rn ~u l ose il iu m t 10mm it  s,’l 1, bet su’u ”emn abi’m u i t 80 amu d 100 kin and,  w it hi a h meig i it
m ’eso lumtion of ± 1 km at G u sr chmv (Fra n n m’ ’ n , o lm,, ’n -

4,2 . Seasonal crud L~ t itud inmil b’ori ’ations sn u t i o n g  have led to h uig lier-ordcr modes s n m c l m  mis
Ot b ier  souurce s of infor inat imm n on senmidinmrnuul (2 , l u ) .  a lucre m u > 4 , h u u ’ i m u g  f n n u r n u ( h  l” r n . m m i t  s

oscillatio ns in t ime  stratosp h ere and inesosp hu ere et al., 1 974). If im i gIm er ~rm r der modes are pres m m t ,
i m a v u ,  been considered in co nj tmnu’I ion u vit im t i m e  upper at mnu osp h i c’re seiru idi u mrmm a i tidal ilu l t (er i e.
Natal rm ’sm u l t s .  M et eor trail results provid e l i t t l e  can be expected to ch ange ra pidl y wi t h l a t i t um d , ’ ;
op p u m rt U ni h\ ’  f u r  direct e um mn pa ni n ia n mis t h e y  otul v  t h is aspect ‘f tidal s t n m u ’tumre has yet  to be i i i -
umvm ’ r lap thus ’  top end of ( h u e  i r m’ i gl i t  r m m ui g u of (1 u ve’n ti gat ed.
Xu rtal  r e sn m l t s  atid re la te  to h i g h e r  I n t i t u m n l e s , 6. DISCUSSION
However , fr omu l mete or t ra i l  oh u s( ’rv n tu o n s spr eaui Fol lunwing ( hu e  eam ’I icr anal ysis of da ta fr i n n ( hue
over tw elve ym’ f u r nn a si gmui li e nmut seas ommah p n i l t er i m 24 Nm u ta l gr ei ua d m ’ n’x p en imenu ts (Cnovns . 1 ¶474),
of s m ’ n n n i u h i n mrn uu l winds I mom enmserg ed us it lu t hu . ,  attention lu sts now been givem s t n ,  ( h u m ’  n n u u a l v — i s  of
patt ern elnang i m ug nmos t r a 1 midh y iii ( ) m ’t obe r ( M n’m.aER , sn m b grou m~ns of ti me 24, T i me euu nl nm ’ r  amma i~’ n u s pro ved
I 966). A seas. u nu al v a r i u m ti u  nm Is aI’n n , sImo n mm hu t ’  Sm i 9 n n i s inu g ly effee I i  s e , giving  sign mifi cmi n m l  n’smu I t s ,
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not only above 60 k m  w-hm ero t icln u l annp h i tumdcs For time sm’mmmidium ’nal m ’sc ii latmu uim time ammu p littmdes

show a mmu nrked iru creaso wit h h e i ght , but also derived n-ithm t h m e ei ght lau m nc lui ng s were considered
bet w- eem u 3.5 and 60 knum where diurnal amp lut ui des unacceptable , being ciunsud e ru m bl y gre ater at many
are at most a few mn/s in wind speed or a few lmei ghuts  th orn t h ose ivithu time 24 launc l iun g.s (Fi g.
°K in temper atumre. In the new anal yses, wi th 4) .  ‘l’hmo require m ents fmu r a sn i tns fnm cto r v  detu ’r .
smaller numbers of launchings, results at thue imu inat iomm of ( hue . n u ’ muu id i u im’n mn ul  e o i m u h > u u m n m ~nt are rnom ’e
lowe r h e i ght s have st ill remained significant. dcmandi nng thma n m for time diuir mm a l , probabl y n i l

Clearl y a decrease of accuracy occui r s uvith account of tho rrn m g n u i t u d e  of the se n u idiur m n , d
decreasirug numbers of data points; and at most com npon emn t r , ’l u u tiv ’ t i  o t h e r  shmort-p u’nuu uI (gravity
hei gl uts it would appear th at amp litudes in both wave) variatiomus. It is possible thuat  twelve
di urnal and semidiurnal components are affected launci mings in 24 m r  wouid su iffice for a satisfactor y
mm- mi -c seriousl y tha n p h ases. deter m ination of time semidiurn a l component ,

T u e  relationslmi p bet ween numbers of Ia u miichu ings but time m atter could not be imu ve sti gn i ru -u l  furt lmer
and r esults achieved is of practical and economic n-it -hi the data available.
importa nce in planning diurnal series of launch- Results from subgroups of launc h ings at diff erent
ings . A sine curve is approximatel y described ti m es of the year were obtained n-ithi some success
by about six equally.spaced points and a priori for tile diurnal component but not finn the sem i-
at least this number of launchings in a 24-hr diurnal . Thmo diurnal oscillation derived with time
period would appear to be necessary to resolve a eight earl y October laumching s agreed at most
diurnal oscillation even when other variations heights with that for the ten May—August launclm-
in the atmosph e r i c  structure are disregarded. ings, t h e  p h ase profile of both oscillations b eing
An analysis of l iv , ’ launchings wi th in  a 30 .h ur cimara cteristi c of the (1 , 1) tidal mode. With ti me
period was able to resolve time main fu ’uutur r ’s of serm ’midiurn al oscillati on , a notable feature was time
the diurnal pluase profile and some features i f  rap id changes of ph ase at certain heigh ts. Sum ell
the amplitude profile. With ei g h t la n m nc hu ings  a changes do riot appear in t imeoretical results of
noticeable decr ease (and possible irn prov enleu mt ) time semidiurn ui l oscillation (CHAPMAN and LuocozEx ,
in time nmn plitudo profile resulted. }Iowu ’ver , 1970). 1”or unders tan di ng t hese diff erences obser-
only six of t huo eight local I m m m i ’ s  were effectivel y v mt tun um m s of time tipper atmosphere semnidmurna l
independent u u u u d  t I ne  additional t imr ee l a u mm u ’ l mimugs oscillation at different lat itudes are considered
were for tile following year. rI~lm e r , f , ro with six relevan t (S m’c t i om m 4.2).
equual ly-spacm ’m i iaumn chirmgs in tine sanuo 2 4 -hmr period
at least comparable accuiraey cotmkh be expected. Acknowledgements—The author gratef ul l y acknow-
‘l’he i m m c l n i s i m m m n  of t ime  scni idiuur r um tl  oscillatio mu as an hed ges thin ’ n -n~istance duf Miss A , HAnm ims with the data
uiukno sv m u n-as rmot found to lumove a si gn it icm snt preparatmon and com putat ions mnv mntv cd in obta m n u m n g
affect on t i u o  results for time m-h iu ir na l os m ’ i h l uu t iu ns time m-esul t ~ of thu s paper. Time uvork Ima s been sup .

‘sorted by t hm ui  OlImce of Aerospace 1(es, ’archi andm n d i m ’ n m h u n m g  t l u u 1  t ime hatter was t u e  m ain conmponent Dc v e l opn u emmt umn der Grant No. Al”O~ t (.72-2~64 ami d
of t u t i m u c m s p hur ’ric variation on time 24 .h ur  tim mn esca l e. by the U.K . Meteorolog ical Office.
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A COMPARISON OF 24-HOURLY ATMOSPHERIC
• OSCI LLATIONS DERIVED FROM GRENADE EXPERIMENTS

A T TWO LOW L A T I T U DE SITES

G. V. ( ROVES
Department of P !ms ’sk’s and -h u f r , n u m ,  n on u , I m u n u .  r u n t  i n /u  t’m I ‘ P i n / l i , I n n m - ’/ , i , i J ,

A comparison is unde r t aken  of l t m - i n  sets n i l r e u n n h t ’  m l  2 4 ’h m a u r ly  osc i l l a t i ons  of
— winds and l em irpera t i n res  at h e i g h t s  between 3~ am i d 95 k n m n  a l t n t u d ~ in t e r n m nu of

their  ampl i tudes  and phases . The first set was derived from 24 grenade exp er-
iments conducted in 1960-65 at ) °S la t i t t md e  am id time sce m m i d set was derived
from 13 grenade exper inments  conducted on 19 -22 September  i 071  at 5, 1 ~N
la t i tude . Good agreement us found between the wind  oscil lat ions , b uit s ignif icant
differences appear in the  t emmmpera tu r e  osci l lat ions , It is concluded that  the  wind
oscillations were generated chief ly  tn ~ e q u a t o r i a lh y  s y m m et r ica l  t i d a l  n nm odes ,
predominantly the ( 1W  w i t h  time ( I  3)  mode c o n t r i b u t i n g  apprec iab ly  to time S.N
wind oscillation. i’he di f ferences  in t h e  temperatnire oscillations are a t t r i b u t e d  to
a ( I  , 2 t  mode propagat ing at the t i m e  of the  5. 1 ’ N ob servations , i f  t b mis  interpreta-
lion of the t e m p e r a t u r e  resul t s  is correct , a symmet r i ca l  t i d a l  modes may be a
nmorc im por tan t  f ea tu re  m l  a t r imosp heric osci l la t ions t b -a im has prc s m o u n s l y  b eem i
re cog n ised .

I ,  I N T R O D U C T I O N

A N- F A I  i l - i )  A N  -\ LYS I S  I wind  and t u t imi per a tu re  da ta  from 24 grenade exper .
inments  c u m n m n l n u m - t m -’nl by time \ , ‘tS - \  ( odd ard  Space F l ig ht  (‘en t e r  at N a t a l  I

~: .1 ~ , 2 ’~W I b et a  em ‘m - -t ,u~ I ‘Ito , and  \ -ia rch I 905 has p m -’5 i n u u ’ .I~ heet u re por t ed  I I I  in
which  a t t e m r t m u u n  a s s  given t o  t h e  r e s o l u t i o n  i i i  d i u r m i a l  n m s c i l l , u t n m n m i s  ,u s we l l  n u t sm ,’n u 9—
onah c ormmp onent s . S ignu t ’icant  a m n m p l i t u m d e s am id ph nms cs were derived for t h e  24-
hourl y i i s e u ! l . u t u m m n n s  of t e t n p e r a t u m r e , ‘mV -h I v , n ,’ s ! - t n - e , m s t  I and S-N ( c i m n t h ’ t m —no r t h I
wind  c o m m n p o n e n t s a t  a l n u n n u s t  a l l  I r e i g h u t s  be tween  35 and ~i ~ km .

In a f u m r t h e r  . u n n . u f y s n s  of t i me data t r u i t m m t h me se l an .m n c h u n g s  I 2 , s m u b g r n n u n h us i i
l a u n c h i n g s  we ld ’ se lected a nd l i k e n  se m-’x. m r u ined . S igni f ican t  res u lt s were n n b t , u n m i m d
f o r  2 4 - h m m u n r I ~ n i s u - u l l , u t  i r i s n n t t n  e i gh t  I , m n n n i m - l n n n n e s  on dates in e ar l e  Octob er and
w i t h  ten i aum ic h t m ngs  0m m d .u t m - s  heh ween ‘ui , m \ a ni l  ‘u u u u i n u m - t  - ( ‘

m m m n s n s t  m-’n n l  r e su l t s  were
derived f rom the  d i f f e r e n t  set s  of da t a . pl .use ve r c ums h e igh t profi les shi n m mmi
evidence of an u pwards m- ’ m n m -’rm z~ p r o p a ga ti n g  i l _ i )  t i da l  n i m o d e  I for a h i u c h n  t i r e
ver t ica l  wave leng th  us , u ln m n i l  3( 1 k m ) .

A f u r t h e r  set es of grem m ad e l aum i ch m nm g s  tn , u s  n ou n been  m-’m m n d u c l u , ’d by t h e  N ‘uS ‘urq , Goddard Space Fli g h t  (‘en t e r  at  K o u m r o m i  ( S  N . 5 2 0  ) n m ; n s ~ ’.l rig m e t he  ma in
of 13 haunch im i gs  between I ’)  ,und 2 2  September  i l  h 3 1 ,  I n m - s e  n h s e n u  mm mn i n n s  are
p a r t i c u l a r l y  s m m i t a h h e  for t I me  m m l u m - ’ s t i g , i l  n u n  of d i u r n a l  o s c i l l a t u m mi s as I auun m --h l im e s
tal l  w i t h i n  ,u period u I  mm ci  over t w i n  n l n m y s  d u m r i n g  w h i m - - l u b , m e k i n n i m m n t  . u t n n u u sp tn e r n n -
c h mn mng c s d i me to  t he  se as mu tm , u  I t r end  wouhd be expec ted  I m , he i m- ’ l , u r n v e I ~ s n n u m (I  ‘m isc ,
h a u n c h  t imm i es  were s u m i t a h h y  d i s t r i b u t e d  in local t i m e  t u i r  a u h n u m r n a h  a n a I ~ su s to  h e
u m nd e’r t aken .

- I 11mm K ou j r n u m d a t a  ar e  s u n t a b l e  t i n  d m n c m - t  m-’m m m n n p a m u s n u m m  w i t h  t h e  t m - s n u b s  C u m i n  N , u l . m l
wh i ch has a l n n u m u s t  t he  s , m n n n c  l . u t u t m n u d e  in t ime oppos ut e  hemisph ere , I, ‘ ppc r a tmo spher i c
24 — hour ly  u n s e u l l a t m i u t i s  ut  low 1 s t  i i  u n i t e s  ar e  generated n u l m t m m n c t  e n t n n e l ~ by h u r n p ,m~ , m m .
mng modes and as I t n u ’se are st rn m t m u z l \  l a t i t u d e  i t m -’p e m n u l m -’ n n t  res u l t s  f r u nnm d u t I m - ’ r e m m t  s m t c s
c a n n m m t  he r ea d i hy  e u m n i m p a r e d  u n l e s s  t h e i r  l a t u t  n u d e s  ,u m m -’ m n c a r h y  equa l .  - ‘i n  m - m u m u t i m m g  tm
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tidal theory 141, the S-N win d osciiiat ion has a particularly marked latitudinal
dependence with the ( 1 , 1) mode increasing from zero at the equator approx-
imately in proportion to lati tude. An amplitude increase of nearly 14% therefore
occurs between 5. 1 ° and 5, 9

0 latitude , but such a change is unlik ely to be more
than marginally significant and results from the two sites should be comparable
provided (heir N and S hemispherical locations are allowed for.

According to t idal  theory. equatorially s)immetric modes of generation give
rise to equatoria l ly symmetr ic  temperature and W-E wind oscillations and
asymmetric S-N wind oscillations . Hence if only symmetrical modes ( the (1 , 1) .
( 1  3) , , . .  modes) are present , observations from sites in opposite hemispheres
may be compared by changing the phase of the S-N wind oscillation at one of
them by 12 hours , This procedure will  be followed below in keeping with
previous interpretat ions of the Nata l  results as oscilla t ions composed mainly of
(1 , 1) and ( 1 ,3) modes 11 ,51.

2. COMPARISONS OF 24-HOURLY OSCILLATIO NS

Winds and temperatures were measured between 35 and 95 km al t i tude at
Kourou on 19 .22 September 1971 by 13 grenade experiments with the following
local times of launch: 1826 , 0000 , 0245 , 0600 , 1 1 1 5 . 1530 , 2035 , 0120 , 0544 ,
1030 , 1510 , 20 10 , 0020 hours 131. These observations have now been analysed
by the author for diurnah oscillations by the procedure previously described for
the analysis of data from Natal  grenade experiments (1 ~~. The results , in terms of
amplitudes and phases (i. e . times of m a x i m u m ) ,  are shown in Figs . 1(a) 10 ( c) for
W-E , S-N wind oscillations and temperature oscillations respectively. Each
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Fig. I .  Diurnal amp litudes (uppe r diagrams) ami d mimes m i t  m ax i m u m  (huu we r dia,pams) for (a)
W-E wind , (b) S-N wind , (c) te mperature . h orizontal lines arc For Kourou ( 5 . t ”N ) , 19-22
Septe mber 19 7 1 13 1 .  Continuous lines are for Na ta l  (5.9 °S) , 1966-6 8 I I I .  the cu rve for S-N
phases bei ng shifted by 12 hour s .

hor izonta l  line is an error bar  centred on the value calculated and equal in length
to twice the corresponding standard deviation.

The cont inuous curves in Fig, I were derived previously from the 24 grenade
exper iments  at Nata l  I I I  . the curve of S-N wind phase being sh i f t ed  h~ 12 hours

• as discussed in Section 1. To avoid confusion , error bars previously est imated for
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the N - a t - a l  results are only shown at 2 kmm i heig h t imi~erval s cc h e re  there is no over-
lap with the Kourou resu lt s .

2. I Wind Oscillations

The wind oscu lations in Figs . 1(a) and h I lo t  N a t a l  and  K ou r o u  are seen to  he in
close ag r eem en t . Part i cu l a rhy  in mpr e ssive is the  agr e et inent  h c t n e e m n  t h e  phase
profii es , differences being well wi th im i  the  l imits  im mmdica t e d  by the  error bars
(except  below 45 km ) .  The a g r e eumm e m it  b e t w e e n  S-N p hase- p rofiles l i n e r  i n t roduc-
ing a 12 hour  phase change suppor ts  the  view i i mat  the  w i n d  n i s c i l l a t n u m n m  was
generated in the nmain  by e q u a t o r i a l ly  s~ m i u m t i e t r i c a l  m odes,

In time amp l i tude  profiles , de ta i led  l e a l n u m c s  are present a- imich do not con es -
pond at the two si t es , hu t  l lucsc dif ter e m ic e n .  are nut general ly  s n m n n i t n c , m n t  when
regard is tak e - mm of the size of time error b a n s . Ih e  Imi g h m degree of c m n m m ~ i s t m - ’n t c v
he iween the  two set s of r e s n m l t s  is qu i t e  re nmi a rka b le  when  it is r m -’c: ml i ed tha t  the
N a t a l  data origi n ated ov e n  a ti mm me i n terval of 2 2  nmonth s  in I O h t n - t n h  wh ereas ihe
Kourou data were acqui red  w i t h i n  2-3 days in Sep tember  1971.

2. 2 Temperature Oscillations

In contrast to the w i mmd o s c i l l a t ions , te m pe ra tu re  amp l i tudes  amid p h a s es shins
significant differences betweem i t he  t cs o sets  of results at mnnnni\ h eights (I-np . 1(c)) .
Amp l i tudes  d i f f e r  conspicuous ly  be tween  70 and 90 km . Kour em u v iu h u mes  m-”ncee d-
ing those fcr N a t a l  by u p to  25 ° K . c c h c n c a s  s t a n d a r d  d e v u n u t m n i u n s  are K cur less ,

I t  the  observed osci l la t ions  are sum perpos i r  on u s  of t i d a l  nmod e s , t he larger Kourou
tem pera ture  a m m i p l i t u d e s  w o u l d  po in t  to an e n h a n e e i m n e i u t  of ~u m n m m e  p a ru i cu l a r
mo de m - mr r u t i udes . Reference to the  K o umr ou m phase profi le  I I- p . 1 (c)) sImon s a mmcar ly
constant  gradient frommm ~~ to i ( 2  km i n d i e - a t  imm g tIre u m p w a r d s  n m s m p . m n t . u t ion oh
energy by a sin gle p r e d o m i n a n t  rh ode , The avera ge gradient  of t Im e p r o f i l e  bet wm -’m-’nm
65 and 92 knm is abo u t I ~ kn i per 24 h o u rs . n u va lue  which c n u r r e s p n ’ m n m - l s  n l i ’sclv
( w i t h i n  I or 2 km per 24 h ours )  w u l l u  t i m - a t  m i t  t he  ( 1 .2 )  mode.

3. DISCUSSION

N a i a l  and Kourou n ure the  om il y ‘ i l e s  at  low l a t i t u d e  at n l m n e l m  sm-’ r m m - ’s nt gremmade
• exper iments  capable oh y i e ld ing  d i u r n al m n s m -  i l l . m t  ions h~ u se  b ce -mi conducted , El y

coincidence , the i r  l a t i t u d e - s  d i f fe r  b~ onl~ U . S - ci i  ~m ru v m d i t m g  t I m e -  o p p u m r t t m r m i t y  tor
a direct com parison bet wee tn  m u s m - i l l , i t  ions tha t  . mu e ci r u i n g l~ l a t i t u d e  dependent ,

The wind  i m sm -- u l l a t m u m n s  at  K u u m m r o i u  are in ~ l n u’ uu ’ agre e - m i r e - nt  w i t h  t h m u m s e  p n m -’m- n n o n s l t
de te rmined  t or  N , u t n u l  ( h i p s . ( m l  n und  ( h o  n unu t h  are c o i m s C l m -’nt w i t h  t Ime ~us suim ii p Irm umm
t ha t  they  ,ure ge mmer a t em - 1  r mi a in l y  b~ equ i a to r i a l l ~ s y t n i m m e t r i m -- nu l  n m n n i u l m -’s l’hi s . m s s n n n m n p -
l ion us in keep m ng wi t im pr u ,’v i ou u s  t h m e o r e - t i e n u l  n und n d n s m -’ r v . u l n n m m n . m I  , iem -- uu u u n t s  on m i m n u c —
pheri c o s c u l l a t m o n s  in cs In ch as~ n n m m m n e t r i e a l  p rn n p . m gn u t r ig n m u m t m -’s h a v e nm - mt feat  tired
i mr h e-en treated q m i a n h i f a t i c m -’ls 14 . Ol , The pr inmm -’rp n u l  . u s y r m m r r u m - ’t r i ca l  p r o p i n g u t  mug
nmm od e 5 t he  ( I , 2 )  aiim - h I t n i s  can u p p u r e i m t l y  he i m - he n t i f i ed  in t ime  K ouroum m m -’ n n u p ’

- I cra tu re  osci l la t ion , h e m n g  t h e -  p r edo t m u i t r am i t  immode n u l n i m v m -’ tu ~ ki n . I hum -’ p rm -’sm -’ t m m - e  of
a ( I , 2 )  mmm d c is p a r t i m -’ u m l m r l y s t i r p r n s i n n g  ~um t he  t i rmuc  n i l  t i m e  Kouurou  i a m m m u c t t n i m g s . n m -’ .
a t  the m- ’ u h i u n m n i m \ . us  m n sui iatu u m toil ht m -’.u l m n m g would th emm he expected t o  he t m n g hml ~
s y m m m m e t r m m -’um i c s n t h  resp ect t o  11mm -’ m-’u l n n . n t i u r  I f  t ime  k n n m i n n m n n  t e t m i p e r a t u i r e  un s m -’ j l l , m t i u m n
5 eorr e m -’ t ly  i t m t t r p r e t e d  m n f e -n t i s  n u t  .u I 1 , 2 1  mode . n m s ’ , n n m n m m e t ~ m~~u l  modes m m m v  be a

-t more i m m n p o r t u n )  t e n i t ui re n i l  u t m m n o s p h i e r i c  u s e n l l . u i u u m n s  ihmn u i m h n ms P I m - ’ S i i m m i s l \  been
recognised .

I h e -  app - a r m - m i t , u t ’ s m - ’ m n m - m -’ m u t  .u ) I , 2 )  mode mm t he  \‘u - h - w n m m d  n m s n n l l , m t n i n n m  inc iii accord
w i t h  theu i ry  n ( m n n l i  st i um a s t h U  m n n n m s t  n i l  t i m e  11 , 21 n -m d , n s m - u l k u t j m u n  r e s nm - hes  in the
S.N n i m m m m l m i n m i m-’ m u t  .mt u.n l a t u t u m d u , ’s . ‘mV— I .s n t n p l n t u u n l m -’s . s m m m m m u m n t i m i g  to  ‘ m b  tm - m ut S-N

u n n n p l i ( u m u l e s  ml t ime - l , m t m t u m u h e -  ml  h x , n n i r o u , l ime . u p p , u j m -’t m t , u I ’ s m -’ f l m - m -’ ‘I .u t 1 , 21 nim-ide’ m e
the 5-N n t n n u ’ m- t n n u n i  us less n’, u c I u l ~ m-’xl’ l .u nnn m -’ m-l it c u u u u l u l  p ns ’ . n t n l ~ h u m -’ dum e t o  greater
m-’ u i n t r m h u u t m u n t i s  f ror m r t i m e  1 1 , 1 )  m m ml I t I  t~ om-1es w h i c h  , u n e  m- ’ l i m - ’ n t u ’, n ’k n nn . i s k n n n u i  i i .
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(‘aiculations have already shown 15 1 tha t , at the lat i tude of these sites , the ( 1 , 3)
mode (relative to the (I , I) mode) is much greater in the S-N oscillation than in
either the W-E wind oscillation or temperature  oscillation. Furthermore , in Fig.
1(b),  amplitude maxima at 52 . 63 and 74 km and minima at 57 , 68 and 79 km
correspond closely (within 1 km) wi th  the vertical wavelength of the (1 .3) mode
and indicate the magnitude of the contribution -u of this mode to the oscillation

A notable feature of the Kourou S-N wind oscillation is the large scatter in
amplitudes above 80 km , standard deviations being about tw ice  those for the
Natal results. The stability of propagating tidal modes has previously been
investigated theoretically in terms of the Richardson number  cr i ter ion and it has
been shown that turbulence can be expected to be generated w i t h i n  2 or 3 km oh
90 km alti tude over the equator (7 1 . Higher order modes are particularly effect-
ive in producing instabilities on account of their shorter wavelengths  and asso-
ciated higher wind shears. The ( 1 , 3) mode is therefore a likely agent for generat-
ing turbulence particularly in the S-N direction where , by tidal theory ,  ampl i tudes
are about five ti m es greater than those in the W-E direct ion at the la t i tude  of
these observations, If the scatter shown by the Kourou ampli tudes  originates
from tidal instabilities , an enhancement relat ive to the Na ta l  condit ions of the
(1 , 3) mode , or of a similar mode such as the ( 1 , 2) mode which would also be
effective in the S-N direction , is indicated ,

When Kourou data were first analysed for 24-hourly oscil lat ions , it was
expected that smaller standard deviations would be obtained th an  for the Nata l
data which were distr ibuted over 22 months  instead of just 2-3 days. No real
difference is, however , shown by the overall accuracies of the two sets of results ,
indicating that the scatter probably originates from short-term variat ions (i.e.
on a timescale of 24 hours or less) rather than from ‘he seasonal t rend.  Another
point is that ampli tudes and phases of the 24-hourly oscillation s must have
remained relatively steady during the 22- m onth period of N a t a l  observations
otherwis e there would be more scatter in the N a t a l  results than in th e Kourou - -

ones . The steadiness of the oscillations implies not only a corresponding ci cad m ess ‘2
in the thermal sources of t idal  generation but also in the transmissio n characteris-
tics of the atmosphere , which might otherwise he expected to he influenced by .
for example , seasonal wind pat terns . The close agreement between the  Kourou
and Natal wind profiles (above 45 km)  is further evidence of long -term steadiness .
whereas the d iffe rences in t he te nm pera ure profiles are seen as tenmp orary changes
at the t ime of the Kourou observations , the possible natumre of n-h ich has been
discussed above.

Fina l ly ,  the value of the grenade exper iment  should he pointed out in pro vid-
ing both wind and tempera ture  data over a wide range of heights  from 35 t o
over 90 km. If wind data alone had he -en available or if data had been available
only up to 60-70 km al t i tude , much valuable in fo rmat ion  ss-ould have - been lost .

ACKNOWLEDGEMENTS

The author gra tefu l ly  a c k n o w l e d ges t h e  a ss is tance of Mis s  A Harris n-Ith t hm -’ data
preparation and computations involved in oh t ai n im g the results of this pap er. The
work has been supported by the  USAF Otfice of Aerospace Research and Develop-
ment under  Grant  No . A F O SR - 7 2 - 2 2 b 4  and by the tI K ,  Meteorological  Off ice

R h - i - F R I  N(’i S

I . G. V, Groves , JB!S 27 . 499 (19 74 1.
2. G , V. Grove-s .f ,ltpnronc. Terr. Phs ’s .. in p rm -’ss I 197 ~ t .
3. W. S. Smith . J. S. Theon . 1) . 1.!. W rig ht , Jr.. I ) . J Ra nr sdaie m d  J J. h i m m r v ,m m hi . S-’m S -\

TR R.4l6 1 1974).
4. S. (‘h apman und R. S. I itrd ,en - ) ( rF Io cp /u ’rn - f ldc u , I ) . R e -id e- h P umb i .  ( m m . , h ) i . n d n ’ e - m h i  n)~~~) )

5. C. V. Groves . JBIS 28 . 1 2 7 1 ( 9 7 5 ) ,
6 . Ii. Ua n mrwit , and An n 1) , ( m o m. cv , /‘n uru - air ..’ .-l ,np i. (;e.up/tu - . . 102 , t 9 3 t i  97 3) .
7, R. S. Lindzen . Proc . Rou ’ , Soc A303, 299 (191uK( .

244



-, _— —--.---,-.----‘.—-.- .~~.—‘. --—‘-——-‘~~—.,-‘_--- — -- - -_- ,— ---- ‘- -- .. -.--—_~
,,— ,~~—,1---- -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —_— ,-

~~
‘-.--_—---—

~~—— -- - -- - .  .
~~~~~~~

, -

p 
~~~~~~~~~~~~~~~~~~~ 

— - _ —  -

~ 

-  11

Proc. B. Soc. Louud. A. 351, 437—469 (1976)
P cinted I’m Great Britain

R E V I E W  L E C T UR E

Rocket studies of atmosp h eric tides

By G. V. Gnovns
Department of Ph ysic s and Astronomy, Univers ity College Londom

(Lecture delivered and MS. received 29 April 1976)

Diurnal and semidiurnal oscillations in the stratosphere and mesosphere as
revealed by rocket techniques are reviewed in relation to routine M.R.N.
launchings , grenade experiments, amid diurna l launch series. Height profiles
of phase and amplitude are interpreted as a sin perposition of modes and
feature propagating modes of a higher order than the leading diurnal or
semidiurnal modes. Such modes vary between different observing dates
and often appear as a dominant part of an oscillation. Their excitation
and propagation are discussed with reference to water vapour distribution ,
correspondence between distribution of heat source and structure of mode
(in latitude , longitude and height ), and damping. Comparisons are made
between observed and theoretical diurnal oscillations at hi gh latitude
where negative modes predominate and at low latitude w-}merc ’ positive
modes predominate. The role of the stratopaimse region of diurnal heating
in opposing the tropospherically generated (1 , 1) mode of oscillation is
discussed and the possible production of variations in heating at the
bau m-c of the thermosphere is pointed mit- .

1. I N T R O D U C T I O N
Superimposed on the irregular variations of barometric pressure which are related
to changes in weather is a small regular daily variation. Towards low latitudes the
amplittmtlc of this variation increases to more than 1 mbar ( 10)) Pa) and as other
changes generally decrease it becomes a marked feature of the tot-al prcs smtre varia-
tion. Barometric oscillations which correlate with the position -u of either time Sun or
the Moon have provided the mail-u observational evidence of atmospheric tides in
the lower atmosphere. The am mal ~vsis of solar components has been undertaken for
over l.~U veal’s: one of the most extensive compilations is still tha t  of Hann (1889)
which (‘(m i’ (’I’S ivork du sting back to the 1830s.

St m lmsi ’ qui c iu t  global a nma l ysos of barometric oscillations were reviewed in a mono-
graph by W’ilkes (i~ 49) tmmge thc r with the developments of dynamical theory which
the obser~’uuti onnil resimits stimtilated . Two slmort-con iings in the t heory at that -
time wore thn ’  disregard of therma l excitation , onl y gravitation al excitation lm ( ’ i m m g
reckoned with , and secondly the consequent- lack of any treat it ent of the 24 ii
compotiet it which is jn l t t in l y of thermal origin. ‘l ime roview i m y  ‘iebert (19 6 1) rectified
the flm -~ t mc tter but the 24 h coni pon cmmt still rem iia incd inadequatel y accounted fm ‘r.
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438 G. V. Groves

Shortl y afterwards heating by ozone absorption in the region of 50 km altitude was
shown by Butler & Small (1963) to contribute significantly to surface pressure
oscillations through particular modes which am’e strongly coupled in their vertical
structure ; notably the leading semidiurnal (2 , 2) nnode. Rather amazing ly, a response
to a westward moving semidiurnal heating wave in the region of the stratopause is
found in the lower atmosp here where the medium has a density 10’ times as great.
In general the response to a tidal heat source depends on time correspondence of its
vertical and horizontal distribution with the corresponding structure of presci-ibed
modes for the particular frequency of oscillation. In 1966 , new theoretic-al develop-
ments enabled t-he 24 h component to be accounted for with something li ke
reasonable adequacy (see §2).
A wide range of topics has continued to provide observational and theoretical

interest in atmospheric tides over the last ten yeats: these include the smnaller lunar
tide and the investigation of solar tides in the upper atmosphere. A comprehensive
review of the subject has been undertaken by Chapman & Lindzen ( 1970). r[he

first observations of upper atmosph eric tidal winds were made by the meteor-radar
technique itt the 1950s at Jodreil Bank (Greenhow & Neu feld 1961) and at Adelaide,
Australia (Elford 1959). The meteor-radar technique is capable of heigh t  resolution
(of about 2km) over the height range 80—1 10km , and has now been introduced at
several other sites (Webb 1972). Other ground-based methods of wind measure-
ment such as partial reflexions of medium frequency radio waves , liclar and inco-
herent scatter radar have also been put into operation. These techni ques do 1:(ut
however extend good diurnal coverage below 80km where tidal data luave been
obtained almost exclusively by rocket techni ques.

In the stratosphere and muesosphere wavelike systems of tidal oscillation -us which
relate to conditions in the troposphere propagate upwards with generally increasing
amplitude to dissipate their energy in the lower thermosphere : other tidal oscilla-
tions couple different hei ght regions of the atmosphere dynamically. Apart from
the importance of its imi termnediate position , the region has its own source of tidal
excitation in ozone heating which also attracts investigation. The present review
is selective in that attentiom i is confined to the stratosp here and mesos 1mhere not-
withstanding the application of rocket techni ques for measuring therniospheric
winds. The choice reflects the author’s own involvement in recent \‘eu ul ’s with the
analysis and interpretation of tidal oscillations in the stratosphere and mnesosphere,
and! recent results from this work are included in the revie~v -

2. Wixns AND WAVES IN l’tt E UPPER -ITMOSPI (Ei: n:

l)uring the s-ears 1957—65 , ~S Skylark rockets wen’e lat tn ( ’lse(l at the \\ oolu mu ’ra

range (31.0° 5, 136.5°E) as part of time U .K . Space Research Pi’m m ~ r ’ a m i t t n n m ’  fu n’ 1 1 m m ’
investigation mf ’ seasonal a-nd dit ir nm al y am -ia ) i mm ms  of winds am id t e m l s .r at l m t ’ ’s in I he
upper atmosph er e .  In t hese ox perimciits grenades were m ’ (N ’t cd  mm loi ig  th u ’ f l ight i m uu t Ii
of a rocket and winds anu d  temperatures were ni p :sstui ’m ’m l at v am i ol i s  lnum ~hi s by th e i r

_ _
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effects on the travel times of the resulting sound waves to an array of microphones
on the ground (Bowen et at. 19 64). The feasibility of t h e  ‘gi’enade experiment ’ ha d
previously been demonstrated in the United! States rocket progrannnne , its main
attraction being the considerable extension of wind and temperature measurement
from the balloon ceiling of 30 ktn to a limiting altitude of 90—95 km set by the
acoustical detection.
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Fruuaz 1. \V—E w ind eonipon im’nts , \ V u m m m u m m ’ r m t  (31.0 ~, 136 m E). 1~ — 16 October 1963.
- — , I3mslloon dmita ; -— . - - - — , grenade experiments at  I 0.2 t i t;  — . . . ~~~

- . 2 1.18 Ii;
— . - - — , 00.39 Ii;  — . — , mm 4 f~2 I n.

The Woonnera experinients showed that  seasonal variations of atmospheric

I 

- parameters generally predom inated below 7)) to 80km (Groves 1966) and that
variations ofa  wavelike nature on a time-s ca le of the order ofa day or less became
increasing ly innportant above 4 1  kin. T u e  wavelike nature of the wind velocit y is
appa - emit in the four profiles in - u fi gure 1 (Groves 19 65) . The downwards progressioni
of th oscillation fro m one Iau n ehin m g to the next corresponds to an obliquel y up-
wards propagation of energy when interpreted as am~ internal gravity wave (Hines

~~ 

- 1960). Amp litudes increase with lm ei g ht as air cle irs ity decreases in order li m mainmtain
the en~rgv flux , but above 100km dissipation 

~~~~~~~~~~ 
becom e increasing ly

important , and amp litudes maximize at 110-130 km. Altlmoingh these experiments
admirably revealed details of vertical structure , theme  were obvious difficulties in

A . .  _ _ _ _ _  - _ _ _ _
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440 G. V. Groves
studying variations with time. Results such as those in fi gure 1 indicated period
icit ieS of the order of several hours but fell short of defining particular frequency
components. The limited number of launchings and the restriction to night-time
observation meant that adequate time series for the study of diurnal variations
were unlikely to be available. By 1965 when the \Voomera experiments concluded
there were signs that  these limitations might be oven’come with data collected
elsewhere by smaller meteorological rockets.
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FIGu RE 2 . Mean wind components for the h e i gh t  interval 45—3 1 k m .
White Sands Miss ile Range (32 .4° N , 106 .5° \V) (Webb 1964).

In October 1959 the Meteorological Rocket Network (M.R.N.) was fom’mnecl to
provide an upwards extension to conventional meteorological observations over
N. America and adjacent ocean areas. By the end of 19~ .5 over 5000 launchings had
taken place m ind operations have since continued at some 20 sites ~m i t h  a total
launch rate of about 1000 rockets per year . The most frequentl y u sed wind sensor
has been a parachute package. Tracking by radar enables horizontcl wind com-
ponents to be derived. The wind response of parachute sensors is poor above 50km
(Hyson 1968), but useful results may be obtained to about 65 km by app ly i rm g a cor
rection which is proportional to t l u e  rate of change of horizontal veloci~v.

Tidal ani i p hitudcs at M.R.N. heights amount to only a few metres pem secom d anm 1
are therefore very small compared wi th  time seasonal change in the zonal flow which
may amount to more than lOOm/ s between extreme values. S—N wind c~mr onents
are generall y smaller than W—E components but away from the s t u m m m m j I e l ’  nonth s
t h e y  may irm( ’rca se wi th  disp laccmentsofthe polar vortex and simow ~v imIc -  f l t i u l U a t i t m n s
( lu ni  m u g  winter on account of stratospheric warminigs . The relative st u b ih it ~ 

- during

- 

-—-

~~~~~~~~~~~

—— —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—- — I -~



_ _ _  ~~~ii~ii TT~~~ 
- _ _

Review Lecture 441

summer months of the S--N flow between 45 and 55 km was well illustrated by the
1t0 2—3 observations at White Sands Missile Range (32.4~~~, 1O6. 5~ W) shown in
fi gure 2 (Webb 19 64). Unfor t unately a serious limitation on t h e  use of ~LR.X . data
for tidal analysis eveul (luring summer months has been their poor dlistribution in
local time , most launch times lying close to local noon. The stead y 10 ni/s northward
flow ob3erved over \Vhite Sands during swniner (fi gure 2) was mainly the diurnal
component sanup led repetitively at times close to 12noon L.T. ! When 50 km data
were plotted against t ime of day as in figure 3 (Groves 19 67 a), the variation was
almost entir ely 24 h with maximum northwards flow com’respon ding (b y chance)

2e L

°
1

~ ~ 1~
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~- - __
~

_ 
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~ .
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I I ~~ 
I

local t im n e / l u  I
Fiounz 3. Sulr n r nm? r ~ -— X wmuj  m ’ m r n l 1 m m m r u m - m u t s  at am km for s it e s  (-1 50 ti m 34) N l~m t i t m ude s h o m v i n i - ~

a mai nly 24 Ii variation. x , ~u n u g lm-  I t~ i , - m  V i i i  i l ~~ k ~~, m u m  m m i m s m .r v muu i m rm ~ ; — l I m m l - ,Lo r i t a l  t m  I - ) ,
inean i ~m Unne of ( lu- I t r i l m r i t  I m m r u  c r i r vu , a Ic~st squ ui n m .’s fit to the m i m m - m I n m  values.

wit h time n~ clday period of maximum laun ch frequency. Dat-a froini other long itudes
such as Somnmiumi , Pakistan (66 .7°E ) and Woonrera . Aunst i -a lia ( 13t .3 - E) confirmed
a dependence on L.T. rathet - than (~~iJ .T .. i e . that  the variation was mu wave moving
w-est wm u i - d with t i re  Sun. At mmml j ae  n i l  l u ei g luts . similar anal yses showed the pt’es~n t ~e
of a semidiun nal  (.omponenrt of similar  magnitude.

r- M R  ,N - lau nchings  c on -u t in u i m ’ m  1 t o siippOn’t synoptic si t i m h i m ’ s  in subsequen t ye n-s
am id the majority of launch t imes were cons eqnmen t l y (‘ lose to local n oom i . Neverthe-
less as w i th  the data in figure 3, a small percentage of I m mumme h imig s  took place at other
times of ( hi ( V mt li ( l hV combining observations from hn undi’ c ds of launchings over
many yen m’s , it was i m o S Sihu l (  to i’esm ml ye t i da l  eOInpOllcIltS at h at it rmde s othei ’ ti t an -u : 1 m m

(I m u  mve.s & Mak ario n is  n 968). l”i~~i r - u-  4 sI a m me s  diurnal  ant i  mh i tu d cs  m in d p i t t  Sr ’s m u t two
tnt t im e  s i t u ’s m u m r a l v s u ’ r . I by ll ’ed. Oam’d & S i e n m u i r u s l d  (19 69). l b ’ s n i h t s  u-em-c only m h m r I ni ed
for time — l I l r i m u r m ’ n ’  S N m - m m r u u l m o n u e m r t  for the  m ’ m ’ m u s o r i s  g i v e n  f l l u m m v e  except at - -\ ~~

, - - i - I i m m m t

Island (~~ m m  5, 14.4  \V),  u-here m l ~m t ~m \ V m ’ I I ’ u~1m m 1l l m i I m m I( 1  from mull l imes o f t l r e  v r a m . .- \ l ~ m m

_ _ _ _ _  - - . .  -
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442 G. V. Groves

the summer W—E diurnal oscillation could be resolved at 30° N where more observa-
I:  tions were available than elsewhere.

An important feature oft-he analysis carried out by Reed ~t al. (1969) was a com-
parison between time observations and the theoretical diurnal winds calculated by
Lindzen (1967). In 1966, Lindzen and Kato working independently showed that for
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the diurn mal frequency, tin ’ solutions of Laplace ’s tidal equation had a second set of
Hougli functions which had hitherto been overlooked. ‘Positive ’ modes of oo-illa-
tion which correspond to time om’iginahlv knowni set of functions pro~mtu g at e away
from-ui a legion of excitation with a rotation of the horizontal wimid vector and an
increase of amplitude with height. in the manner of the wind stn’ucture s seen il l

fmgun’c 1. Moreover such oscillations are inconsequential at latitudes poieward of
45° latitude, On the other hand , the newly-discovered ‘negative ’ modes of oscilla-
tion decay away from time n-egion of thermal excitation with out rotation of the wind
vector with height and without confinemenmt in latitude ,

The observational results in figui’e 4 and those obtained at intermediate latitudes
clean I~’ confirmed time predi ct cml transition from negative modes at high lat i tude to
predominantly positive modes at low latitude. At l i i  N , time theoretical re sults wet-c
based on time (1 , — 2 )  amid ( 1 , — 4 )  mnodes . time main excitation being stratosp hern :
and their exeelk ’nrt agrcenment with the observed phases (figure 4) cuur i f i rme d  t h e
assunip tion of a nm axinnu mn stratosph eric heating rate at local l oom m . At Ascension
Island (80 5) time slopes of both theoretical and obsem-ved phase profiles above 45 km
c’OnTespOlt(le(l eloselv with the 30 km vertical wavelength of the ( 1 , 1) m od e, but
observed pir tt~.m ’s  were 2— 4 i greater than theoretical values. Small adjustmn emmts to
t i re  l’( l m I t i V ( ’  m m  m i m ’ s of water vapour and ozom e heat imig appeared to be all that was
nmc m- cs s ar v t a  i- m ’m mnov e time minor discrepancies between observation and theory ; and
R u e d r f u-il. ( 19 69) recommended a n ’e-cxammmination of the ozone hmem uti n g,  this being
l~s~ at -m -i r m ’a t elv known than the watem- vapour heating. Differences between
ol m s m ’ m -

~
- - m I anti calculated ( 1 , 1) phases will be dis(-uls se( l again below (ti gui-es .5 amid 2 ) ) .

Front thud ’  same data set , Reed ( 1972) was able to obtain semidiurnal wind corn-
poncirts in summer for two groups of stations ly ing close to 30° and 37° N. Iii
conmt rast to time diurnal components , t ime observational findings wet-c ‘la imm l v in
disagreement with predictions of classical tidal theory (Linm dzen 1968; ( ‘ltapn n am &
Lirmdzen 1970). Observed amplitudes at 60km u-crc only hal f ti m e predicted value

- 

- of 8 rn/s and a vet-v striking diffe rence was the presence of tin unexpected reversal
of phase at 45—50 knit altitude, Reed suggested that the basic atmospheric u-inm i
structure whi chm theory ignored may exert an effect on tidal beir avioun ’ t h at would
account for these differences. lit subsequent calculat ions of both solar and lunar
semidiurnal tides Lindzenm & i~Iong (t 974 ) im mcl ude d zonal winds amid horizo lil al
temperature gradienmts and obtained (‘loser general agn-em ’ment with observations .

- 

- 
the  phase reversal previousl y founid at 2M kn m (wi thout  winds) moving up closer to
Siikm at mid and high Int l i t  tI d ies i l l  sum m m m m r . E v e m r  SO, (‘O~i 1 pal ’isolms between (mi)serV {1 —

tion an(l theory have vet to be un d1 -m ’t mrkm ’ n m I ’ ‘r t ime  sm in id iu n r i r a l  o sm- ih l a t  ion imi t ime
samm ’ de ta i l  as for t hu  d iurna l .  pi esu mmi resu lts being limited nmm ai nl v to 30 N la t i tud e
where most launchings have 1 ;mk - eu  i m i m i - ’  _-~ 1m t ssi l ml e  l ( - l s o T l  for t ine  d i f lwul t v of
reso lv ing  semidliurnrni  os’ i ll u it n mu ~ fron t u l ; t r g m ‘ mu n i nil ten-s t i l t- u lii ilie lu i mmneh j n u s api m m

below- (~ 0).
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3. AT~mosPIIERIc TIDES REVEALED BY GRENADE EXPERIMENTS,
35—95 km-ut

Nearly 100 grenade experiments were carried out at the Wallops Island launch
site (37.8° N, 75,5° IV) between 1960 and 1970. Although this number fails far short

- - of the numbers of launchings combined in the analyses reviewed in § 2, grenade
experiments have provided data at- heights above 60km where tidal wind ampli-
tudes reach 10—20 mn/s and should therefore be more readily detect-ed, At Natal ,
(5.9° 5, 35.1° W) 24 grenade experiments were carried out in 1966—8 by t he X.A .5 .A -

Goddard Space Flight Center and , in spite of the still smaller number of launchings ,

100 -

- ob-.cu’ved

/
/

theoretical
-
~~ 00—

40

‘ I I
12 0 12 0 12

local time of temperature m aximum/h

-‘ 
F’rotJR E i. Pinui sm ’ (local t im e of n iaxinnu m) of diurnal con impomlent of t - r u m p u um r i ’  at Nu it al

a 5 9  ‘4 , 35.1° Vi’), t ire observed curve being derived from grenade exp ’r imm nuts  in 1966—8
-~~~ m a t  time theoretical curve fronm Lindzon ( 1967).
a

t i n s site offered several advantages for the resolution of diurnal variations, For
example, the month-by-month trend is nnore regular at low latitude and can there-
fore be m ore e m msi i y nmodelled than at higimer latitude. Nine unknowns, represenmting
a mean va lue , diurnal and semidiurnal components and annual and senmidiurnal
comnpone nm ts were fit ted to time 24 values at each 1 km of h-ueigiit- between 35 and 93 km
(droves 1974). A particulan’ feature of the analysis was time sinuni tanmeous solution
for u - i i t i i - im n l and seasonal co flt 1nuj nei its of W—E wind . 5—N wimmd and temperature.
Ai t ito u g lr  the  24 launchings u -em-c not ideall y (list r i J )ulte ( l  in local t ime or season ,
sig im i l ic ant  resul t s  were obtained at mrmm o~ 1u m i~~lu t  s . including l n u ’ i g h ul s b e l m m w  t~ m km
wIrert S amp litudes a m’e n ’elritivel y small . .-“tdd i tj ona l  em n n l i u l m ’ n m m - n ’  i nn the rm’sults w a s

- r
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provided by the correspondence of diurnal phase profiles wit h that of the (1 , 1)
mode, phases chang ing by 24 Ii in about 30km of hei ght.

Figure s shows t he observed Natal phase (local time of maxinnunmi ) for time diurnal
component of temperature in comparison with that calculated for the same latitude
using the tropospheric and stratosphem’ic therimial drives of Lindzen (1967). The
systematic displacement between calculated and observed values was estimated
as 3.6 (s.d. 0.8)h when account was taken of similar displacements for winds
(Groves 19 75 a);  the result being in accord with that rioted by Reed et al . (1969)
from analyses of M.R.N. S—X u-m d data (figure 4).

100- — Natal

_ _ _ _ _ _ _  

f

irou

( I I I I I I I I J i i n l  _ . l I
0 12 0 12 0 12 0 20 40 60
local tu ne of temp. max./lm temperature annplittnde (K

FIGuRE 6. Amplitude and phase of diurna l component of temperature at Nat u m i derived by
grenade experiments in 1966— S compared with Kourou grenade expem -innent results of
19—20 Septm’mnber 1971.

A second set of grenade experiments has provided a- valuable opportunity for
comparisons with the Natal results being at time same latitude in the opposite im en m i-
sphere: on 19—20 September 1971, 13 launchings by time N.A.S.A. Goddard Space

,
~~

, -
~ Flight Center took place at Kourou (5. 1°N , 52 .6°W) with an equal distribution-u in

local time for time investigation of diurnal variations (Smith u-t al. i~ 7~ ). A note-
worthy result was the close agreement betu-een time phase profiles of time diurnal
wind oscihl atio im at time two sites after introducing a relative 12 h shift of phase
between the 5--N wind oscillations on a ee o nn nmt of their location in opposite hen -ui -
spheres (Groves i975 b). In contrast- to the wind results diurnal tcntper ature 1 hu ~ ses
at the two sites differed significantly at man y imei ghts (fi gure 6) . Whereas I lt ( ’ Natal

-‘ 
profile imad a gradient characteristic of the ( 1 , 1) mode , t I r e  Kourou pro file had
a gradient above 65km which corresponded closely with t h a t  of time ( 1 .2 )  i m i t m u i m ’ .
rI

~
he indicated presence of this mode, which is time f i rs t  member of tire set m u l  lmos it i~ e

asymmetric modes , was indeed surprising as it called fom ’ a low la t i tude  t n s v l r u m m u m ’ t l y
im the 501m m -c oftidal generation corresponding tot T ue ( 1 , 2) llou g im f t i m m ct ionm: whereas
a svn m nm m et m - ies had ~reviousty been t ’elm mt e( l to s m m l ; i m  de m - l in t a t  ion and dep icted by the
(1 , — 1) mode (Li mm dz en 19 67). The corresponding temninerature n-n m n p i it  udes ais m
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446 G. V. Groves
- showed marked differences (figure 6). Between 70 and 90km , Kourou values

exceeded those for Natal by up to 25K, due it appeared to an enhanced mode, most
likely the (1 , 2) at the time of the Kourou observations. A (1 , 3) mode was apparent
in the Kourou S—N wind component and it may be responsible for time temperature
amplitude maxima at 77 and 87km in figure 6, the vertical wavelength of this mode

-~ 

- beinmg about 10km at these heights.

4. SE L F - C A N C E L L A T I O N  A N D  D I S S I P A T I O N
OF PROPAGATING MODES

-
- Calculations have shown that considerable cancellation occurs between tim e tidal

‘effects of tropospheric and stratospheric (1, 1) m odes of heat ing (Groves i 
~~~ 

c).
On adopting the relative height profile for tidal heating shown in figure 7, time

-effectiveness of the large stratospheric—mesospheric contribution in exciting a (1 , 1)

100 -

Fioumi~ 7. A m odel height profile of the relative aump litude of t i u c  diurnal non-adiabatic

~~ j  
imeating rate per unit mass of atmospiuere J. Contributions are urdicated from A , water
vapour absorption of sn lar radiation ; B, absorption m y part icmnl at e matter; and 1’, energy
exc1uan~ o with tine surface.

mode of oscillation was found to be severely reduced by its poor correspondence
- - 

- 
with the approximately 30km vertical wavelength of this  m ode: for the troposphere
time correspondence was munch closer. By weighting the profile in fi gure 7 at each

-

- ‘ 
level in proportion to its contribution to the (1 , 1) tidal anmp hitudes generated at an~’
given hi gher level , e .g. at 80 km or above , time curve in figure S was obtained , tire
contribution from any height range of heating being proport iomm mi l to the area between

• the curve and the vertical axis over time hei gh t  range coim simi er ed. It- is seem-u tha t -  time
stra tosplmeric—meso sp lmeric region gives rise to four contributions , two positive and

- two negative, with a itet contribution-u amounting to nh or  nt  75 ~ of time t roposp imeric
contribution a- nd of tine opposite .sign; i c . tin e net at nmosp imer ic response t o  t ime (1 , 1
mode of heating is about a quarter of t h a t  of time tropospheric source a i m  mmmc . Time

I~~~-~
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detailed caicu latiorms showed that  for hi gh e r  om-der modes (i.e. m odes of i mi g imem -
meridional wave number), e.g. ( 1 , 2) amid ( 1 , 3), t ine stratos fmi meri c cancellation is s t i l l
greater leaving a net stratospheric coimt r ibutio n u vhu i ch is then ~mnalI compared wit i~
that of the tropospheric source.

A second factor affecting amplitudes is ( lau mp in g . Calculations of t lm e rnimal  tides
with time inclusion of dissipative }mrom ’( ssm’s Inave sl m ownm that t h e i r  effect below 100 kim i
is not insignificant for propagating n n u m m m i m ’ —  (Lin r dz en & Blake t 9 7 m )  At 80km ammip li-
tudes were reduced by 13 m~ ) when ~- isu  o s i t v  anm l  conductivity were included and b
26% when radiative (iamping using a Newtonian cooling approximnation was
also included , the mode involved being the ( 1 , 1) . Observational evidence of
damping would appear to imave been provi ie l by the oscillation identified as time
(1 , 3) mode in the Kourou 5- -N wind (Groves i975 b) ;  the increase in -u amplitude

i~() km

( 1.1)

FnGIJRE 8. Heig lut profile of diurnal lucat sour ce (fi gure 7)
wei glnte d according to response at a given h i gher level .

beimmg less th an (air density ) 4  by a factor of about 2 between ~~) and 80km. Th at-
this factor is much greater th an the theoretical reductions just quoted may be
attributed to the shorter ve-’tical u-avelength of the ( 1 , 3) mode ( 12 km compared
with 30 km for t ir e ( 1 , 1) mode). For the (1 , 5) and hi gher order modes with wave-
h ’nm g t lm s of less t lma im 8km simple extrapolations of time damping factor indicate
reductions to less than 20% ofundamped amplitudes at 80km alt itu de: such modes
would thenm lie unlikel y to feat-tire pronnim ment l y at ntm esos p i men - i c  h e i g h t s .

— - -- --
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5. D I U R N A L  S E R I E S  OF R O C K E T  NETWORK
L A U N C H I N G S , 2 0 — GO km

The grenade experiments at Kourou took place jus t ten years after the intro-
duction of diurnal la-umm ch series at Eghin , Florida , in 1961 (Lenhard 1963) when
23 rockets were launched in 23 h and significant diurnal and seniidiurnal wind
variations were derived at 35, 43 and 64 km altitude. In early 1964 a programme to
determine the nature and extent of atmospheric tides in time 30—60 km region was
initiated by the U.S. Army Atmospheric Sciences Laboratory and before the end
of 1965 four diurnal series of launchings had taken place at- the White Sands Missile
Range, the last two of which extended over a two-day period so th at the recurrence
of diurnal motions could be examined (Beyers , Miers & Reed 1966). Time advantage
of analysing data from concentrated series of launchings in comparison with dat-a
from routine launchings (~ 2) is that no seasonal trend is involved , both W—E and
S—N components being equally amenable to harmonic analysis at any time of time
year. On the other hand , the effect of non-tidal or random scatter in-u time data is
reduced by combining large numbers of i-otmtine launelmings. Inn time experiments at
time White Sands Missile Range , wind components showed similar belmaviour on
consecutive days (30 June to 2 July 1965) be’ ween 44 and 56km , becoming weak
and irregular at 40km and less reguhi: at 60km. Both components displayed
amplitudes of abonit 12 rn/s near time stratopause (52—56 km) with time pimase of the
meridional component leading the zonai component by about .5—7 h. When th is
series of data was combined with previous White Sands data , it uvas concluded that - 

-

an unmistakable, dominant , diurnal tidal oscillation existed iii the stratopause
region over this site particularly in the meridional component dun -m ug most or all
seasons. In contrast to these results , a series of 24 launchings over a 2-day period in
April 1966 at Ascension island did not disp lay a comm si sten mt - , well-defined diurnal
oscillation in either wind component (Beyers & Miers 1968). It- was concluded that
the diurnal variation may have been masked or distorted m y some other sh ort-term
disturbance at the tint e of observation or timat tidal motion may be inherentl y more : - -

complex at an equatorial sta t ion.
Data from series of launchings over a simort t u n ic interval ( i t o  3 days) imave been 

- 
-j

analysed by the author for properties of atmospheric tides between 20 and 60km .
The work is a e o i mti m mua t  i on m of timat with data from grenade experiments (~ 3) wimich
showed thm ur t  even small nmumbers of laun elm int g s . for example 8 or 10, were often
sufficient to resolve time duir imal componenut althoug h accuracies understandabl y
decrcaaed with  decreasing numbers of data 1 m m m i m t n  s . annp ht mndes being affected more
seriously th m mu m phrases (Groves i975d). (omp arisonms are t imade in -u fi gure ih between
i’t’si n lts  at Fort ( i t tm reimi l l  (.5~~. 7 ° N . ¶( 3 8°W) and those at 6 1.3 N obtained by Reed
a at. (1969) from routine summer laun eimin igs (fi gure 4) . The 19 launchings in 1 9U6

were at 4 in intervals over 3 days and the IS I a mmmnu ’ h ni im g s  in -u l 96~ were at 3 Ii intervals
over 2 days . inn eachi case a non- (h imnrn lal trend ( hl mri lmg time int er u -a l  of observation
was allowed for liv f i t t i n g  ann expressiomm c ot m t um inmit t g a e mi bim - in ti m nmm ’  as well as time usual

_
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diurnally and semidiurnally periodic terms, although the modification was not
critical to the analysis. In other respects the method of analysis was that previously
described (Groves i967 b). Figure 9 shows similarities between amplitude and phase
profiles for all three sets of observations. Of the 248 summer launchimmgs only 37 were

- - 
Ft Ch./Greely (61.3° N) Ft Churchill (58.7° N)
June—Aug. 1959—66 6-9 Sept.1966 24—26 Oct.1968

60 —
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upper graphs, local time of max . northwards velocityfh

-~ lower graphs, amplitude of northwards velocity/(m s-’)

Fio~~~ 9. Amplitudes and phasee of diurnal S—N wind components derived from two series
of launchings at Fort Churchill compared with results of Reed Ct at. (1969) for summer

- - -~ data . The number of launchings analysed for each series is s lu o w mn on the upper diagrams.

outside the hours 08h00 to I 6h00 L.T. and therefore the effective number for resolv-
ing a diurnal variation was not very much greater t h an the i~ or 19 multi ple
launchings. A horizontal line in fng inn -e 9 is cenmtred on the  nnost probable value of
a quantity and its half-length corresponds to the standard error calculated for this
quantity, i.e. there is a 68% probability t imat  the value lies wit hi n t  t ire line. As time
error bars on the summer dat a have been calcu lated by a different method , corn-

- - parisons between accuracies an-c probably mmot meanmi mmg f m n l .  When comparing the
results thenmselves it sh ould lie noted tha t  timey are for different dates and that

I
i .
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a seasonal effect- could be present. Such changes appear to be snriall for tire months
concerned , diurnal oscillations being satisfactoril y resolved by time two series of
launchings.

6. S E M I D T C R N A 1 .  O S C I L L A T I O X S

Semumidi urnal  W — E  and S -N wind components ma-v be cornpan-cd on-u t i u m  basis
of a theoretical argmnmeut which cani be outlined by reference to t ime I n m m u c t i o n s  in
figure 10 . According to classical tidal theory (Chmapman & Lirmdzen 1970). these
functions express the latitude dependeimee of seimmidiurn al modes of S—N and \\ —E
wind velocity on a relative scale. For the (2 . 2) mnm o d e the approxinmate equality of the
curves at northern -u latitudes greater ti -uan about- 20~ means that  a wiiid v eet u mr of
almost- constant amplitude rotates t- lom kw ise. The opposite sign of time two curves at
southern latitudes inip lits anticlockwise rotation. The same properties are shown
by the (2 , 3) mode at latitudes greater than 30°, and indeed for nnammy higlmer order
modes, namely the (2 , 16) and (2 , 17) modes in - u figut-e 10, over a wid e r am mg e of hi ghmer
latitudes. Hence whatever combination of modes may be pres enmt , time amp litudes of
S—N ami d W—E semidiurnal oscillation -us are approximnatelv equal and ~V—E phases
are later thai -u S - - N phra ses  by 3 hi at mmor thern latitudes m m d  earlier by 311 at sout h ern m
latitudes .

Figure 11 sh ows results derived for semidiurnal oscillations at Fort ( ‘ir mnr ch ihi .
For the 1966 launchings S- -N and \V—E wind amplitudes are particularl y simma hl
being mai rm lv in time ran~ e of 2 to 3 nmi/ s , but time results are appmu -enmt lv not entirely
without significance as accuracies of about 1 rn/s are indicated , such values being
(-lose to the accuracy of individual measurennents. Detailed correspondences are
more apparent between ph ases than amplitudes: S -x and W—E pimases move rap idl y
to earlier times with iner ea sinrg height- below 30km and less rapidl y above 40 kim -u .
These profiles are relativel y displaced in -u accord with a clockwise rotation as judged
by the vertical hin .s drawn 3 h later in \V—E phase than S—N phase. For the  1968
data- , the amp litude profiles Ir ave at least ( l ime distinct featun -e in commonm , a immxi -
mum at about 35km , and pimases are again eon -u sisteimt with a clockwise n otation.

Semidimnrna l results can also he shown for Wallops Island (37.8° X , 7~ .~~ W) and
Mar Clniq ii i ta (37.7 - N . .~7 .4 W). TIre data were collected d mn ning  t ine Diurtmal Tidal
Variation Experinment of 19—20 Marchm 1974 ( S c lm n m i dh im m . Y an mmas aki . Motta &
Brvnsztein i 97c) , time comp al -ism am being of part ju n ior  interest mrs t lues e sites are at
time s ; h i ui ( ~ lmi t i t i i i  II ~ in opposite irenusphercs. Tire a rguments  based oil j i g- u m m  l i t  should
stil l  hold at time lat i tude of these sites wit h perlmaps some eu lman c eim i em u t  of S—N
amp li tu de  relative to W -—E a i n m i m h i t u d e . Figmn-e 12 shows semid iurmm al plmases and
anim p h it  nr des derived by the  mtmet 11(1(1 used fmm r thme Fort ( ‘ lu m u n- u lmi l l  data ex m -e h m t  t imat t ime

uu m n i — p e i i u ) d i m tei mnr s in th t c  least - s q in n i e s  lit  were t uk ci m to  he linear in -u t i l m mu - fu un t im e

~Vallops I slaind anal ysis and ( - ( m m n s t  ammt for t ime  Mar ( ‘l ui qn m i t a  analy sis in~.tead of
( - r n h u i u -  onn account u i  the simo n tc r  ob se r v i n u g  i i r terv als . At Wallops Im- . l u i i i ml S N a n m u l
W - ~ pu ris m profiles sh ow detailed s i n r m i l m i r i t y  wit  hr (-loekivisO rotation. For Muir

‘im i q im i t mm t i r e  disp lacement u f t h c  phmui se protil es cori-espon(is to aimt i c io u-k w i s c i u m t  m t  j o in

- a. 
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452 G. V. Groves
as would be expected for a southern hemisphere site. The W—E profiles at t h e  two

sites are generally in phase and the S—N profiles are disp laced to ami a~u p n m ~x iinr ate l y
out-of-phase relationship: the in terpretation of such u - u m u m p m m n - i - . m n m s  in n t m v u u i s  m f

a superposition of modesis that symmetric m odes such as (2 , 2 ), (2 , 4) . - - 1m m- I n n i u i a t e
over asymmetric ones such as (2 , 3), (2 . 5)  Some guide to tine on-dir ~I u m u du - s

present is provided by the slopes of the pl ase profiles which am - c s m - i - n m to be in the
range of 10 to 14km per 12h cimange of phase. The synimnetric modes to w i r i m - i r  such

60 
S-N W—E _ S—N W-

40 
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6-9 Sept. 1966 19 launchings in 72 Ii

60 S—N W—E S—N - \V—E
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-~~~~~-40 -
~~~ -L

* f

—20 I I I I I ~ L~~I .......J .......L....J
0 12 12 12 12 12 12 h 0 5 0 5 l0 m , s

23—2 5 Oct. 1968 18 l a u n c h i n g s  in 48 h
FlounE 11. Semidiurnal wind connpon menmts derived from t o t u  ~ -ri ~’s

of lam nn i c luings  at Font  Cluu r c lmi ll .

wavelengths correspond are (2 , 14) to (2 . 20) ,  but (2 . 16) and (2 , 20) caim be discounted
as the wind functions (figure 10) are close to zero at time latitudes of these two sites.
leaving mainly (2 , 14) and (2 , 18). The Mar Chiquita results are remarkable as they
derive from on ml y 7 rocket- launclnings which must be (lose to time m i z min hmnnn number
for any expect mit ion m of significant results.

Time presence of high or(lcr modes is also indicated by time Fort Clint- chill results
(figure 11), the  gr mr m l i m m n t s  of phase profiles above 49km in the I oou ; data in dicating
momles of time same order as t h ose just discussed. Below 3() km . nmiodes of a much
i r i g h u u - t  order mm m c i m m d i ( a t e d  lmv bot lm s i t  of i - c s mnl t s .  vertical wavelengths i m e i n i g  j us t
1 or 4 kin for which correspornding mr uo d vs would lie i nn t in e  range (2 , .~it ) I i  (2 , m ; .~ )
A I ran m sition from s i u m u r t m n  to lmm mt gu- n -  wavc leimgtims as imei gimt increases could l u -  u t  l i i —

hinted to di ssi y m a t  ive ~~~~~~~~ 
wi mi eh l  u~ drs -nn sse d above (~ 4) would h eavily m i u m m m m p

waves of such short u n  ve he nu gl  it s .
) m re nm o talm l c feat mire of t i n e  p im m se profiles m m  hI gm mr e s 11 and 12 is threi m - failure to

co i u f i r imi  previous theoretic al n ’ s i u l t s  wini c in  pr (s( n nt  a mainl y ( - o m i s t m u n u t  j u r i st u i  s ing

~ 

— - -- -- - r f - rm .~ .. ....... — - — ~~~~~~~ ——--
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from time assinnued predominance of the (2, 2) mode. Lu time ( - l r u s - Si ( nt l  t r cnu t  mini-rut
(Chapmna im & Lindzcn 1970) a rapid plmase reversal is obtained j u n s t  below 30 knm i
between adjacent regions of ainnost constant phase cxtenm ding up to t ire  tuesopause
and down to the surface. 1mm the recent calculation -us of Lindzen & Hong (1974) wit ii
a mon-c realistic atnnosphmerc , the chief modification is to the level at wh ich the
reversal occurs. A region of constant phase is present in the 1968 Fort Churchill
results at 42— 56 km but at lower heights modes of a h i gher order predominate as
discussed above althoug h the (2 , 2) amid other low order modes are presumably still

60 : S-N — W-E - 
.~~~~ S-N 

- 

_~~~ W-E

— -P
- - .

-~~~40 — - .

- - - .

2C’ I I I I I I I I I I I J~~ J I I I I I I
0 12 12 12 12 12h 0 10 0 l0 mfs
Wallops Island (37° 50’N) 12 launchings in 24h

~ 60 S-N W—E r S-N r W-E

_ _ _  

j~~~~~~~~

- -

~~~~~~~~

40~~~~~~~~~

20 I I I I J_.J ~~~~~ I I .J_J~~~~~.J I I I I

0 12 12 12 12h 12 0 10 0 lO m/s
Mar Chiquita (37 45’S) 7 launchings in 18h

FICuBE J2 . Semidiurnumi wind components derived fromn ~me rics of lmm mnn el uing s at
Wallops Island and Mar Cimi quita on 19—2 0 March 1974.

present. The otimer phase profiles in fi gures 11 and 12 show a general predo mimmanmce
of high-order modes with near constammey of pimase appearing m m  onml y very limited
height regions if nu t all. Time results are also striking ly dissimilar for time t h r e e  launch
dates , aimd if suehm variations betweenm diff er emnt dates are of gcr u m- r n m l  oecurrenmce
routine launchings provide a very inimo nimogeneo mns set of data.  (‘orrespo imdinglv
Inn -ge numbers of profiles are timerefot-e required if anmy s i g n m i l i c n m n u t  an a ly s i s  is to be
achieved , and the result-s should reveal time eontrib utioim of st t r u ly  inmodes , time train-
sient ones tending to cancel out - Few semidiur iral results fm-our r o nmt inc lau nn ci r i r mgs
im av e been pu bli sh ed apart fro nmm t i um m -e .  at 3II ~ N ( i~~-m - d 1972) wimich were based on
663 launc imings and do irmdeed show regions of near -coimstant- 1 m l n m s m  u n  support of
t ime  view that  low order modes . e~~’ . (2 . 2). m ake up t i m e  st -a m b ~’ part of t i r e  ( i s e i i ln i t iomm.

1.-  

- - - - ------ - - -  —~~~-—  - -
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7, THE c m-;~ 1ItATION OF 
HIGh ORDER TIDAL MODES

The identificati om of ’ irig hi order s -numi mhi urmma l modes in stratosp heric wind
oscillation s leads u m u n  1 m m  the 1 m n m - s t i o n m  of timein’ source of generation. The observations

themselves show a m i o w m r w a i d  propagation of I m i m mise correspoimding to an upward
propagation of en m - l ~~y aimd poi lmt to a location of time source below 25km . Also the

F chanig ing nm at ure m m f i i  it’ tid al patterns denmanmds a somrrce of corresponding variability

a-nfl directs nmt t t -n ’- - u , l nm to tIre troposphere.

(2.2)

N m ; - - - ;m -~~~ 60 90S

~~~~~~~~~~ O~~~~~~~~~~~~~~~~~~~~~~~~~~0~~~~~~~~~~~~~~~~ 90~

FmuRE 13. Hough functions of t h e  (2 , 2) and (2 , 16) modes on an arbitrary scale.

equ inox

90N 60 to 0 to 60

90N O i l  tm )  0 1( 1 6(1 90S

Fun—RE 14. Lat it u m u l e 1 — 1 ri mu n i~ m S l u t  an arlui t rarv scale of ( top)  spu -t u tu ’ I un i t  iduty  i m  -hc rt
96 m ) 1.1mm! (h ot torn) i mm ’ s m l m m t  i unm u t i m - n i t  m u uz liv ~vater vim p m tim r m~ t t a m  l i ~ m u m  ( L i mmm lzcmm 1967).

Anoth er consideration is the l a t i t mi d i m ma l  variatio n -u requ ired of a soinree j i m order
to generate l i r e  m u m m u u l m ’ s  obseived. ‘l’bus variationm is e x h um - esseu l l)V l l o u u ~ i 1 f m m n m m - t i m e r s

two of w ln i ch m arm - shuow’ m i mm 121 nr c  13 . t h e  (2 . 16) mode ln9m mg repi-esenntative m mf t he
range of m u l m s m - n v e m i  t u t u  u u l m s . TIr e (2 . 2) fu mn e t  ion h u m u s  f e a t m n m e m i  p ro m m n i i m em mt l y m m  previous
I lr ooretiea l t rea t  mmmcm l s u  m u n m m ’ c o n m m r t  m f i t s - l u  use r eseimrbl aimce to t i re  adopted lnm ti t m rdinm u r l
d is t m - i h m it io i r  ui ’ i u u s u u l n u t i m m u u . m l  h t m m u t i i u ~ ( t i 2 u u m - m I t .  _ -~ lso slrow im iii t i g u n r e  14 is the
( e q u i n u m u x  u h i — i t n ’ i h m u u t  u m n u  of s j u m m u t i m -  l u u u i m u i m h i I ~ - m m m n n h m i l t - m h  im ~’ Siel ert ( 19 6n ). fr m m m - u ~vhi clm
time i u e ; m t i n u g  t h i s t n - i l m m u t i m u m t  is m i t - n  u v m - t h um t i m  m l i i - reg anh t u m  t i r e  u - h u n m n u c u  m u t ’ s uu l : mr zemm it hm

ntn u i.!Im with ln m l i t  m o lt ’ , I I n u  I h u m - u t  h i m - u  h u m m m t m l .  11 m m ’ (2 . I i ; )  f u n m m u - I  i m ) m r  1 m m - n u n - s  ito sum-lu n’m ’ s euni h l a mmm e

— —  __ .-~~~~~~~~ 
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and it is n u : m h i k m - l v  t h at a mm v pI-oeess can be found which mom-c t haiti pai-tiaiiy c o l i c —  - -

sponcls with such a detailed latitudinal variation : c-onseq ni enmthv time (2 , 16) mode
could only be exu-iti-d as one of a series of modes whmici m nu cl d up to ml lat i tu ( lC lmlotml e
departimng fronmi time (2, 2) form. Not all soc- h m odes would h owever Li ’ significant to
time win d oscillationm as time ti d al e l lect iv t -uu -ss  of a mmi o ci e depends on time corrcspon—
denuce of its vertical profile with th at of time heat soul - i-i-; annd niodes of wind osc-iIla— i ~
tion would still not be u l i s m - i ’ m cd nm t la t i tudes nmear time zen-os of time eorresponmdinmg
uvini l functiom is (fi gu n e  10).

I) t h u  —t ~\ ~l mi m~) P  ,~ u ) i i  - m l  ) u -  -

V

O S  -~~

FIcnvHE 1.5 . ‘ I I -  l i t - st u w u m  m l n m - u u n l m - u ’ s  u t  l i l t -  a ’n S m u f  } m u u~ u t u \  1.11(1 u u u - g u t u ~’u- 
- - u

sviuu uiuu-i -m u - m u l dnm mr mi u ml m odes m u l l  nun  m u h u t  n ary ~u- nul  - -

Diurnal  m rs mveil as s enridinm i -na l  osciilat i umns  would i u u ’  affected by a nmi odi lic -atiomm
of t  he la t i t m n de  h i m - m u  I l u g  pn’otile . ‘f lue first few mtie m uub em s of t in e ~u - I s of symmetric am id
asymmmmetr ic d iurm ma l  I i m m u n , t l u  I’m m w - t  ion s m n - u - ,shm o wmm 1mm t i g u n u ’ u - s  1,5 a m m c l 16 fronmi wi mid - Im
it is n u u u t u - m I  t l u m u t  mm i m n n m m 1y h u i g i u - l r m t i t u n d e  n n m j t i j t i u - n i t i o n t  to  t irc t ropo sp lmeric h e a t i m t g u l i s t r i -
humtion wonm l d m - x m - l t m ’  n m e u u a t i v m -  m m u ( u u l ( - n - u  om r 1~- , m r  l i l t ’  v u-n - I  lu-a l  d u n - m ’ u- I  i t u n u  such m o u l t - s
( ic u ’r u v  m m w n m v  fr omn m t h i n ’  ievu-i u m f t h n e r , u i m m l  e x u - i t m i t i u m n u  a u m m i  w t , n n l d  not g em m em -ate s i g i u i t i u - ; u n i t -
u s u - i h i n i t i u t m u s  u i sI r m u t o ~. i u h m m - r i u -  l u v i 2 l n I s , 0mm t i u u ’  ( m t h l t ’ n ’  i u n r i m u l  a t t i o d i h m ’n i t i o m m  tim t ime .4
Lu m i t  u u u l u -  u n’ m i l e  m - m 1 u u n m t  I m r w n m n - m i s  u u f  i l t u m t r t  4 ( 1 h at i t n m m l e  would also aff em-t u u m s j t  lvi ’ m u n u u u h t - s  : -

and as 1 1 m m - s m  1 m m m t 1 u : u g : m t e  i’m ’m’t i m - n m l l v  wi t  hr i n m n - m - c - r m s u u u ~ mu n i~ u h i l  t ale . in~mpe r umtnm so sp hreri c
uv inid u u ~ u - j l l ; u (  u n u ~ at n u t  II  u m m l m - s  lm - s s  t h a n  n m i u o u n t  4 m m  mi t  i t t m u l m ’  mu - o n nid  lie m - l n n u m i 2 u ul -

a n u s  of inm n mi ue l mi m mg s  l m m u v m -  1mm - e u m d i i  at ( ‘m u tt ’ Km mt m m cd v ( 2 -S - I  N . Sl i m S ’ 
\V)

l ’i o m n  wh im - h  t iu m ’  ( i i umm’m nu mh ] u h u u s m S ama! m h m m u i m l i l u ( I m ’ s  s im ow im or t i ~~u r i - u ’ I T  ir av e been (l(’i’lVed.
Time 1 h s -  j u n - m u t i l m - s  fm mn ’ 23 2.5 ( h - t  u l u - I  I OhS s I t u  mw a l to i n t  2~ r mmt n m~ i t u l u s  of I hum ’  mvin cl
V m ’ ’ I or h u m  -

~ m i t - u - n i  i i  o u l  mS5 h n m u  u -u ~n - n - I ’~ j u u  m n u u  111 ) 1 t u m ml ( I  - 3) m u u m  uu h m , l” mun ’  13-1 mS I )m ’ccimiber
p m ; 7  1 1 m m  u \ ’ u- u’ m m 1 u ’  g r n m m h m ’ m r t  ml ’ I l u e  j u l u m u s m ’  j m n u m l i l m ’ s  n - u u n - I ’ u~ . l uuu mruls immom’ c m m e arhv w i t im t h a t  

_---—- - - -m_- - - - --- ~~ -- A _ ~~~~~~~~ 
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(1 ,2) ( 1- i )

N9~ 6/~~~~~~~~~~~~~6~ ~l ) S - N9~~~~~~~~ 3O 0 3O 60 S

N~ 0 ~~o~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~o ~OS N 9~~~~~~~~~~~~~~~~~~O ’ S

FIGURE 16. The first t m vu u members of the sets of positive and negative
asymmetric diuurn al modes on an arbitrary scuilo.
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24 - 26 October 1968 17 launchings  in 48 h
‘~~ 60

~~~~~~~~~~~~~~~~~~~~~~~ 
~~~ _

13 - i~ I u , m  m n : ~~,’: 1hui ~ 25 l aun ch ings  in -I S Ii
Fnu .u - rn n- :  17. Diu rnal u-lad cu umuu p u u m m cn ts  ui  -r i vm ’d from two a -rim - s 1 huuun n ch mi n g s  It (‘lIla- h,n-nnedv.

The st n ’ mn i g l r t  l i t ’ ’ ind icate t Ine n l i m l u m u u x i u u u m u i u ’  t h u - u u m t - n  ne al sl m 1 u , ’s of 1 1 m m -  p lum u s e p ru u l ’m l - s  of
ml r u first I lvi’ pu mat vu ’ un u u lm -‘ -

L
_ _ _ _ _ _
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m u t ’ t ime ( I  - 2) mmmod e . ~nmi-iu differences bet\%-een the two sets of results inm clu m dimmg dif—
li- m enmees of amp litude could be seasonal but whatever time dependence migimt h)e
immvolved it is evidemmt timat time wind vectors rotate with height at rates appropt’iate
to modes of a h igh er ordem’ than (1 , 1), notably (1 , 2) and (1,3). Figum ie 18 shows the

60 
N ~~ W— E ~~~~~~~ 

~\~~~1, 1) 
~~~S— N  \V - E

40 
~~~~~~~~~~~ 

. .

— 
—

20 1 , I I I I I I I I I ~~~~~~~_J I

— 
0 24 24 24 24 24h 0 10 0 10 u m s

11— 13 Apri l  1966 24 launch ing s  mmn 44 h

~~~~~~~~~~~~~~~~~~~~ 

____

~~~~~~~~~

i

~

i : ,  
Js

~~N

2cm 1 I I I I I ‘~~I I — 
— 

~~~~I I I I I

0 24 24 24 24 24h 0 10 it 10 m ’s

24—26 Oct er 1968 14 launchings in 45 h

FIdn m,raE 18. Diurnal ~ mnd components derived from t w u t  u - I ’ u - l u- S  of launchIngs umt Asccmt sluun

Island. ‘flue straight lines indicate the utppm - m mx u u u u m t u ’ t lui -u n t  ical slu t Im’ s of the phase

profit-s of the first five positive modes.

TABLE 1. VA T ,UE S or EQVIVALENT DEPThS

diurnal modes (1 , n )  semidnurnal modes (2. lm)
_____- - m ______ ______________

a km n km

:~. 1 0.691 7 0.706
2 0.238 12 0.243
3 0.120 17 0.121

k 4 0.072 22 0.012
0 , O4~S 27 0.048

6 0.035 32 0.035

di ni r unu l  w i n n m l - n  uht a imr e d  fr om m i two  s u - n i m  ‘s of launmchinmg s at Asceimsion Island (8 ( ( 
~~ .

14,4 0 \\ ‘ ) o m m u -  s t - t -~m ‘-. h te j miiz 4 ’ mm j fl ( i t l ( ’ im t nl l  w- ith the Cape Keimnccly a i i m nm oum 2 4— 2t ;

l h I m m i m u ’ r  1 ( m I S  TIu e two s m- I s  ~f results at r u t imm differ consid erably amid together with

tire rm ’ - tn l )  i ii  t i tr t n r n ’  7 i n t l  i - a t e  t imat variability and im i g im order murodes are
fm -nu t  un r t - s  t u f t  in - t h i n m r n m m r l  is u - t I !  u s t i n t -  s t - n n i m h i u m r n a l  oseihlatiomm with the add ed informnia—

ionm that n u n o di f ic a t  ions t i m  t i n t ’  st n Fl - m’ of it n i t - r u m  t i m  umm are I mu be fo tmm md cq tmu mto x’w arm ls

if i t h iou l t  3( 1 T : m t i t  t ide ,
\~‘ Imm- rm -as  I l u m ’ higher ormier m l I m m m l m n r u  m it ’ s  rm-ferr ed to above w er m- I Ire (1 , 2) mm mmd
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( 1 , 3), bei nmg the meirub m ’n - s ad ja cent to time fundam cmmtu r l  (1 , 1), tire h i gh oi ’d u- i  s m - u m m i —
diui’nai niodesweretvpicallv tIme (2. 16) ammd wm -rer emm sotcfn ’omtlm e f u m m d a n m u e m m t m m l  (2 , 2 ).
A lmeat source capable c’f exciting tIme ( 1 . 2) or (1 , 3) mmmodc-s wou ld be expcm ’tcd 1(1

contain inmportanmt (2 , 7 )  01’ (2. 8) tlm crmminii modes as time Hougim f’u m m e t i u m n ns m u ) ’ t h e s e
immodes ai’e m ’i ’sim c-etive iv l-m ’ m’v s imilar  at lot ” lot mtn(les to th ose of ( 1 . 2)  a nnu l  ( I .  3). Thin
vci’t i cni l  stm’uc-ture of a tm wmdi- also j ml ay s air im m m po rtanmt  p m mm’ t inn c l e t c n ’ n i u n u i n m - ~ time I ide

— g - nn ’i’at inm g effect iu’ d ’nm e~ ,s of a t irem ’mnu al source, and mmlv m a I m  mum n u t  fom’ t im m- u n’ - s e mr m ’e  u ml ’

modes ofom’den’ (2. 16) ammil 1 h um -  m ’ i’lnm t i v c absemnc’e of (2 . 7 ) . (2 , S . Tabhi I s i u u u w s e quniv a -
lemmt cleptims (eigeimvalues) of’ leadimmg itositive imwde .s and of’ I i u ( m s e  s e m m uicl i un ’m rn ul  mrmo de s
tow imich t imev c-losci~’ approxinnate. ‘fir e equivalent depth is t i m e  sole mt mo cle - n lc ’j uem rd eu m t
hmar amneter affecting vertical lmropet ’ties , ammd table 1 shuow s tha t  sern idiu n i ’nmal mui o nhc- s of
order (2 . Ca. 16) do immdeed eon-respond witim (1 . 2 )  a n d  (1 . 3) 0mm this basi s ,

S. P I 1 m u P A G A T I N G  NODES AND WATER VAP O UR D I S T 1 I I B U T 1 I u -\

The imiodes to which reference imas been nsucle so fam’ 1mm t h is review have bcenm h i m  ma-
a s s (u u -i a t e ( l  with so—called m i  grating wa ves, i .e. wavc’s wimi n- im mnmov i- w ’ stwm m m ’ ul w i t  h i t  i u m ’
)‘~t ui m , h m av im ug t ime s m i m u m e  (lei)enldemlce onm local time at all lonmg itmnd es . Sm mt -i u m,mod e s un - i a -
svith im i so l mi t iommal  h u ’n m t  l u n g  where the a l u m- m o t ’ lm i u i g co mm st i tuemr t  i- n s v n n u m u u ~- t u  u u - m m l l v  nl is -
t r ibute d m m  lonig it ode. ‘l ’i ie in ’ intr odu ct ionm above has bee mm I l m n - cmn mg h ii a ru ‘u i t  i i  u u m ’ n m m m l
and s e n u i m l i n m i ’ n m m u h  os - i l l m n t i t m m t s  ami d t i re  i den t i l a ’a t iom m ( u f v e n ’ t u m ’ n u l  wav e l m ’u n 1t  l u ~ imr im i n na -
mm mc l a n r n i t l i t u d e  pi’ofiles. No almlmmm n ’en n t probicnmi l i nus  am’isc ni i m m  u ss m u m ’ i a t i m m g  s u i t - I t  t m - r u t  t h i s

wit im t lm n ) sc of part i ’inla r l o m m g itudi nm m hl v svnm m n im et m i t ’  m odes .
A t t en r t i o n r  nevertheless needs to l i t -  g i v & ’ n u  to lu m u u g i t  u md c —d e i ien m d e n mt  nmmm mi , ‘~ mind I hu - nn

pm’open’t m ’s as global dis t r i bn mtionu s  of ~vt mt m m ’  vm t l io l n i ’  siuow mm i tiai ’keml (le~m en1de-mmd ’n- ( t n t
both hat  it tm ( l e amiil l m u n u g i t u m ( l u - , 

~\ h n m I m s  of m mmcmiii  . J u u m r n n m u n ’ v . A 1 mm - i h . .J t m l v u mmu d  O m ’ l u u l m e n ’  v a l u n u ’ s
ofspccilie h umidit y at 10( 10 , S-Sm~, 7 ( l ( m , ,SOm m a n t I  4) 1( 1 mr mla n m ’  ( 1 1 ( 1 1 . Si . 7 )) . .51 ) amid 4 ( t k l m n m )
Iu n mvc ’  been prescmmtcd 1t Newell . K u l l a  u n u  - ~ imim’ em tt n~ Bocn’ ( n 972) h un’  m u  it l i m i t - s
betwem ’n 40’ N amm il 4 ( 1 

~~~, Tlnree I’ m - u i  u n u s  of m m c m  X i m i u n m m m i  v n l h t n t - s  m mm ’ ( ’ located imn I l u u  t r o 1m it ’s
os— cm’ A fn ’ iu - mm . Ainem’ica/l ’ astermm P n u m - i i i u ’  a i r ( l  ~ l- , \ -m u : u n o rm !  h a ’  n - m i t i m u  uu f ’  m r r m m x i n u u n m n  1 m m
m n u immi m nnmn u v a lun e s  al omm u t i m n -  m ’ m ’ n u n n ’ u ui I u t l t u i m l i ’  s t u n u l ( ’ t i n m u ( ’ S  (‘Xcee(ls 2 n u l u u u v m ’ t m ( (  m n u l m a n ’
(3 ki n ) a l tho u gh u mt  t i r e  s t u r f , o - t -  11 m m ’ r m - h n m t i V ( ’  mh it f en ’ m ’ ma - c lo ’tw ’ce mm n n m u x i m t m u r n t i  m r m m m l
m m m i n m i m n t m nmm i m imc im n values is t - u m m n u l m n m n m u u  u v m ’ l ~ a u i m m h l ,  T imm ’ 3-wave h u 1 1 t e 1 u m sh ift s a l i nm u n t
I l l  of l a t i t u d e  nmon ’t 1m w m m ’ u l s  or s- it t  1mw m m r l h - ~ i n n t u m  t h u m ’  s l u m n r n t r m - m ’  imemn isp l men - m ’ . t i m e  lmm n’ g m- -.t
ex ( ’nmi ’sioIl l m u ’ i n u g  in n  .J t m i v nu t  , \ — i : u n m  m n m m m n n s m m n m z u  i n n u m i n l  n m n l n - s , ‘I ’! u u -  l tm ’ ( ’ S ( ’ mut ’ m ’  ml mm mi i - t i m
it mm n’m m mcm n i u -  inn  t i n e  l on m g i h u m m k -  d e l u m ’ n u m h u - m u t - m ’  1)1’ m m s l m - m i m l v  d i s t u ’ i l m u n t o t n r  ( m l m u l t ’ m u u n ’ i u n n g  m u u i u —
51 i t u m ( ’ n r t  amid m u \u m - s t w m m i ’ d  m m i m m v i n m g  ~ n n n r  m - m ’ s t n h l ’ - i n n  w e~tw m ti’d  m n m u d  eastw ’ t tn’ ii m u u u u v n m i ~
wa ves of d i u r n a l  h eat l u n g  j im  t h u  - (r ± I ) )  in m im i  (r — 1)1 ii h u n i r m om ih’s  of homr mzi t  m m dc
I ’ e s h m m - u - t i V elV. \ alues m u f  n - m u s t  -w e s t  ( z m u u m a l )  wa ve m n n m n u 1 h m u - n - ~ s’ ( if moult ’s a m ’is in l u
w i th  r 3 are themm ~ = 4 nin t h — - 2 , t I re  m m m c m l  ive si gn m m i’res~i t m n r d i m t g  t u m  aim e - nmst em - lv
pi’ogn -essi mm tm of ph ua s ’. In u m - u u t - m - , u i  t lm c ’ \ v m t v e  n m n u m n m i u m - n ’ s  -

~~ 
m m m m m I  -‘-

~ 01 e um n’ m - es ~ m u t n n u h m n u g  w’m ’ st
wm urd amid  u - m t s t  mi n i - mi  ~) u’u t g n ’m-s ~ i n u g  i t t u u u l m ’ s  uun’e s u n - I t  t h u m m i  ,-n

~ 
4- -~~~ 2 .

I- ’ in . r uu u ’ t -  19 sh r ut u s f ’ q u m V n n l e m m t  nh 111115 m n  l t u ’ u i h me_’ tt im r n. t nlinn u ’ n m m ml i mimmu i m’ ’ -. t u m i ’  ml m - n r nm c t -  (it

L ~~
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• Review Lecture 459

low zonai wave ntmmnbems. For each westward m ode (1 ,s1,n), s1 > 1, t lmcre exists
a correspommding eastward mode (82 = 2— s~) with an approximatel y equal equivalent
(lepth. Vertical wavelength depends on atmospheric scale hei gh t  and gradient of
scale height- and can timerefore be shown omml v as a n- m m nmge of possible values without
reference to a particular height. The predominance of a mode or group of modes
having s ~ I wculd give misc to wind oscillations wit-h simorter vertical wavelemmgths.
Figu re 19 sh ow-s that- 8 = 1 might be observationmally distinguishable fromni time pair

~ 
= 2 and s. = 0 for the ( l , s , 1) sequeurcebut umot for (l ,s. 2),(1,.s,3), . .. ;  and s = 1

maiglmt lie observationally distinguishable f’m’omn i .
~~ 

= 4 ami d 82 = —2 for the (1 ,8,3)

LC
0,8 - s 1
0.6 -~~~~~~~~~
a 1 ’ _ --~1 — ‘)0 .~

6— _ i  s i
I 2~~ - = 0~ ( ( a .  4 =—2 -

~
(1 ,s, l) 6

E 2~~-~~~0
0 — ‘ 4 — — - —-2

m m m c m  - 
( 1 ,s,2) 6 — ---4 

~ 
10 ~_

4 ’ — ~~- 2 —

~ 1r . 0~ - (1 .s.3) 6 T T 1
( ( .04 - (1,s,4) - ,

0,1)? _____________________________________________________
FanuicE 19. Equivalent depth s of propagatimmg (liurnal modes for a rnunge nil tow zonal wave

numbers. Vertical wavelengths depend on mutmosp lueri c scale I uei ght umnd can onl y be
shown approxinuatel y.

sequence but not for ( I , .s, 4), (1 , 8, 5~ m m  other words, the vertical wave lemmgt lm
of (1 , 8, n). 8 > 0, might differ from that of ( 1 , I . a)  withm observational significanmee
it ’ s > n , i.e. if time h mea timm g rate and hemmee time water vntpour distribution vary suffi-
eient ly rap idl y in longitude according to t i re  order of th e  n n mo dc , Tine evi demmn ’e avail-
n uh i l e, ss’hrk’hi is typ ified hmv t i u m m t  1m m ’t-s ’ m u O - m I  m m  ~~- 3 amid 5. is of a h i n mit e d  n i n th  ore u u nr d so
far does not inndienite tine preii ommm nmumie e of any nmode with s ~ I . Time s i t u n a t  j on
could be somewhat n m u u u u l u m ~~m u i m s h i m  t imat  of ( h i m n r n m n u l  h m n i r u m n r e t m ’ i t -  m t — m t - u i l n t t  i u m m l s  fnmr wh ich

¼ the s = I wu m y n ’ ( Ohi tumi f l ( ’ml  by s n m m n m n r u m n n ~ null 8 = I m u n t m t h ’ s )  h u n m m  m u m t m r e  t lm uuum 4 t i n u e s  tIme
anmnp lih mmmli’ of mm miy ni t Im m -r  was-c ( I l amn r w i t  z & ( ‘ow’lev m myj~ ). Ti n t ’ i n u s m - m u s i t  i v i t v  of tIme
verti u ’mm t strm n’ tnmrn - of , - u - r m ! m m i ~~ m t mi r ~ u u u m u m l m - s  to h mm r g i tumi in m a i  g r m u u t u u ’ u u t u -  u u f  h u e a h i m m g  m nnmd tIne

- — 
m d l m s e n u m ’ m ’  of m m m i v  m r a - t u u ’ n h i s l n ’ i i m u ) t i m m m m  inn l mmnu niiltnmhm- mm t ’ u m lmm-mm-n u ’ i m u ~ — i t t - s  m u m m - n u n t s  t h r a t  u r l nn ost
u u m u t i u i t i ~ m I n i m  m u i m — m , ’ rm m m t I u m~ i ; m l  nm mt mmrm- m u t t  1~.’ s ; m i u l  n u h m m u i u t  t i me  Jor n u ~i l m n m i i n m m m l  l u m P - n t  nm ’ s  of

uppen’ u t n i t i  u
~~I h u - u ’ m - t ides n u t  ( h u m ’  h i  - ‘ - u - n u t  t i m e ,

u n i s m - n 0 i n m m m ; m l  water v n m i m u u n m ’  m h m m t  mm are n m i m t  m i m r m ’ m i  l i v  ra d j mt so immh ’s  for I h u m ’  s l m m n m u h a r m i
-
‘ j l t ’ v t - k  tm ~m 1 m m  , Smm mu f lmh ) mmr m u n lml  s u m u t t m - t n m n u u ’ -m t i m  4 ) ) ) ) m n m h ’ m m u ’ ( iu )  m m n m u l  4 ) ) k h ’ mm ~ m m t i m  l t - -.5 n i m ’ m - u m u ’ n mu ’\’ .

_ _ _ _



460 U. V. Groves
The solid lines in figure 20 Imave been plotted at two long itudes (appm’oximnatei y
those of Ascension Island and Cape Ketmnedv) from the maps of meant October
specific humidity prepared by Newell et al. (1972), the values at 15°W b u - i n m g  lower
than those at 80° \V in accord with the 3-wave pattern referred to above. Determina-
tions of water vapour have also been accomplished by satellite observations of time
water vapour spectrum and the Tiros 4 results for February to June 1962 eommfirmed
the presence of the three major regions of high moisture content and showed several

longitude 80~ W longitude 15’ \V

1’~2 I n 400 m b a r ( 7 k m )

0 _  
I

40N 20 0 20 40 S -IO N 20 0 20 40 S

mc

-
~~

- 700 mbar~3km )

:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I
40N 20 0 20 40S 4 0N  20 0 20 40S

FIGI~RE 20. Latitude profiles of specific hm u mmm idity fm m r 1m m mu l u m n g u t m n t l u - s  amm d
two levels , Mi-an October values : — — — — , 16—17 O ctmube r 19 7m m ,

other lesser regions near the Intertropical Convergence Zonme (1{aschke & Band cemm
1967). TIme distribution of water vapounr is however hi ghly dependent u p onm t i ’ m m 1 u m u -

V spheric motion and wide deviations can be expected fro m the mm i o imth l y m m c m iii .  Tire
water vapou r channel of the N i nmm hiu ns  4 radiometer receives emissions m mm um i m m I ~- fronm
an atmospheric layer between 250 mbar amid 500 inbar (25 and 50 kPa) wit ii a peak
contribution from about 35Onmbar (35kPa) : by using both conv entional and
Nimbus 4 data , a detailed global chart of moisture e ommtemnt at 4 ( U )  mb mmr (4 ( 1 kPa)
was prepared for 16— 17 October 1970 by Steranka , Allison & Salomomnsoni ( 1 9 7 3) .
As would be expected , considerable cimanges of mn toisture content with hat  i t m md e and
long itunde are pre semmt and it is mmot immediatel y obviouiswhat ranges mmf v n t l m n m - s  ofs and
n would be involved. Time I S \V and S’1~ Vu’ profiles showim i m ~’ b rmmkn ’m m lines i nn t i m i u u t ’m - 10
have been read off fro m I l m i s  (-h art and i l l u m s t r a t e  I \ ’ h m l e n r h  (h epartumres fn-onn t i m e
monmt in l y mean. In part icular  t ine  ch u mun g m ’ s  m m  l a t i tude  now s l u m  tw m u u - l u  u~m ’ r u m ’ u um ’t ’ m m I
correspondence w it lm time Iloug im funn e t ions  t u f t  hum ’  ( I , 2) ,  ( I  . 3) am i d hi gher om’n im- r  n i t .  m I t - s .

I- - ’
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9. INVERSE TIDAL ANALYSIS
‘Time pi’ocedure for caleulatinmg tidal fields generated by given gravitational ammd

thmernial sotn I- cc’s is well described by Chapman & Lindzen (1970) under approxinla-
tions which lead to separation i of lrei glmt and latitude variables anm d time so-called
classical tidal t h eory . Witir time obsei’vation of diurnal oscillations ovcm- appreciable

• hreigirt immtervals the inverse imrohleni of deriving sources of exeitationm eonsistcnmt
withm observed values calls for attention. More specifically, if tIme amplitudes arid
i)h m ases of t  he wind and/om’ temperature oscihl ationms are kmmow im for a pam’tictnhar hmei gimt
interval anmd location, the probienmm is to investigate tIme ex te mmt- to which the propel’tics
of tine sotnm ’ce can be clescn’ibed.

TIme m m m u a i v s i s  clearly involves the vertical structumre equation , which. w’iic- n u
(l aIn j m i m r g  is na-g tt- -t ’d is

d2 1 11 4 .‘ dll\1 KJ
I l  1 k’lI+—I It , , _.___.

~
!_
~~“f-t , ( 1)

d c -  -~ L ~~ dx ! J -

w lu -u -c f/ u- m s a n n auxil iary variable from w - hmichm wind and temperature fields may be
d(’ris-ed am id J ,~ is t i me iiomr-adiabat k ’ l r e m u timmg rate p -r  unit  nmiass of atniosp hiere , time r
s n n t i m x  a dc nmotinm g time irmode order and h~ t lie equivalent depth . II is scm mhe lmci ght ,
K = (‘~ — l)/ ; ’ , where ‘

~
‘ is the ratio of specific h eats of air turd g is aeeeleratioim due to

cm - m u  s-its- u • ml l u u - i u ,, !htt ui epcm u i l em mt variable , beimig tIre  nmegati s’e logarithim m of tIm e ratio
o fm n n ibienmt 1 m m  sum’ fm& n ’~ i) n ’ (- ssl m n - t ’ , \V ireim ll ,m is such i t i r m u t  the coefhc- iemmt of y~ is negative ,
f/ u- is ( ‘x p mmnei mt i u m l  and the mmmd c is trapped : when time -oefficiemnt is im o s i t i v e , y, is
usu’ i ii m t t u m i-\ ’ m u mm d 11 mm ’  mode i n m  u~m n m g n i t  m’s , Iii either east’ 

~/ ,  amid derived winds and
t m - m m I mei ’n l t  u n n ’ u-s dep enmi m u m  ./~, ose r mm 1’nu1 m ~~m’ of s’ni l un ( ’ s m m f . u’ wh ich in genmeral will miot cor-
n ’esimond wit ii tire ime~gimt n’m uml g e of observation.

‘I’he inu v m ’ r s m ’  problem of d crivi m mg “~u from observcul m u s u - n h l n u l  i u u n r s  m u i ) p m ’ n un’ s most likel y
-‘ to be tm’ an-t aimle when o l u sm ’r v m ” mI w i mm ml s arise pr e ( l ( m m n m i mn a nt lv  from trapped nmm odes as

‘ t h ere is I hum - m m anm appreciable mveri a ii o f t  l ie lmei gh mt ran ges of I u e atin ~ and obsei-s-ation.
m u  u m u t t  t i l t ’ , t i m e solution of ( I )  can l m m -  m - x i m m ’ e s s m - t l  m s  t i r e  sum u u f  a eomimp lennemmta rv
f m n mrm- t  in m mm umn nd pui rti cumi ar integral , anm d I Ire u s u al b oumidarv ( ‘onditions of zero vertical
m n m ui t  j m m n n  n ut  t i r e  s m nr t ~u n ’ m ’ a im d zero dow’mmwards energy f l u x  at great al t i t unde m ’ami be
app lied 1 m m  mle l i - n’nm inn e  I Ire eonip l e mn m c nmtn i rv fu mmietion i . ‘Then by expressing 

~~ ‘ 
mi s m m h o l y—

mro n uuinil in -n x amid rebut jog the j u u mr t  i ( - u m l ar  integral to obscrvt-ml m l i n m s m - s  mun d  airip h it nudes .
t ime  t ‘ m u m - l i t - n t - n u t s  of ’ t i me im oi y mm m min i  j ; u l  can be determined by tI r e  m e t  imod of least sqmmam -es ,

l- ’i u,~n mrt - 4 (‘olnpare(i t lie ~ml,st ’i’~-em I sum mu mmer ~ N wiiitl n m se i l ha t  iou at  61 N wit im I l int
m a I m - n m u t t - n i  by Lindzen (1967) ii i  t ermi ms of time (1 , — 2 )  a m id ( 1 , — 4 )  nnodes. In n the
i imvm ’rse pro luim mm m , mimic prn itil e w’m Hml n l  ena imle o nml y omw immonle of lmca t ing to be derived:
h um m w ’m ’Vt ’n - . if ~mr m m f i l e s  m i t ’ 

~ -N an n ( l W-—1 - osci liationms art ’ available bot h time ( I , — 2~ and
( I , — 4 )  l u u - : m I  i i u ~ nr rmmmht ’ s  umm: m ~ ’ J t m ’  det e rm m i inme d in po lvno nmi al fm rn m ,  TIre m m n m : m l \ s i s  h e m s
i m m ’ - - I t  m m i m i u h i t ’ m l  h u m  t im e 1”( n m ’l  ( ‘ l m t n i ’ c im i l I  d a t a  ( ui gn mre 9) and t in t ’  m ’ t ’ sumi t s  obtained fmmr
6 9 ~~m ’ j u t u  , m l t u ’ n ’  (066 m u m ’  simowim iii t i i imnre  21 , N n mnn n l u n rd  m - m ’u’ u m m- s m i m - m ’ j v m - u l  by t i n e  i t -m is t —
sq u t m u n - e s  m i i u : u l v s n s  are shn m mw ’ nm i t  m ’ m ’ n s s - I n i t m - s  omi t h u . -  ‘‘m - u ’m n l ’ v u - s  , _ \ u ’ m i  u r : u m - s  is ~ u ’e :mtm - s t
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462 U. V. Groves

near time ecni tu -e of time height range of obsei-vation : towam’ds t i r e  luIw i -n imm- i gimt s of
observation tire decrease of accura cy i.s not too ses’<-z’ t ’ m m ,s th e z’t-~poiusm’ I i ,  tin’ healing
there is biased to highmer levels , wh ere observations are avaiiabie , oim aecounmt of t hu
decreasing density of the medium with height. Towards ti m e Uppet ’ h eig h t s  of
observation time same factors lead to a sevcm’e loss of accura -v , observations n i t s t i l l
greater hei ghts bc inmg nmeeded to m aintain n u ( - m ’ t u n - am ’ v .

fr~~~~~~~~~~~~~~~~~~~~~~~~ T E

, ~~~~~~~~~ I I I ~~~~~~~~~~
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FIOrRE 21. A m l mp l u t m nn l i  s um p pn -r  duu igm ’ u n m u - )  m~rm n l l m t m t u - u - ~ (low - t -r u i I u g I ’ u t l u m - ’)  ti f ,5 N. \V - i’~ m ( i m m r m u m m l
wn ntds at Fu rl ( ‘ I u m n m ’ n - l u i l i , 6—9 5m-pt - m u u t m m ’ r  1966 u uimi  t lm - i b - r u v e d  mu- a t  t u n a  n u n , ’  ‘ ‘ m u  f l i u - t u - m u t  r
.J~ (in- = — 2 , —41 for tint ’  (1. —2) an mu l ( 1 , —4) mi n u tes , ‘J’lm m - ,-~u m m u ’ s  mu . i l ~t .- ~ - N u u m uul \~‘— l -~
wind ti im i grm mmr m .m l u m n i m ’  h eemn r u n l c u l lm u tn- d  from tinese J im- ni t m u g  u- m n I -

F , For both (I , — 2) and ( 1 , — 4 )  m odes , fi gure 21 shows t h at m n ma xi m nu mm n i i t m ’ n u t  i n u ~ is
obt rm -imncd at local nn oom m being govei ’nned n m ai m n i y by I lie s— N w im nd pin mm s e amid to a lesser
extent by time \V -—E . If time oscillation were purely (1 , — 2 )  mode. \V—E anmp li t um d es
woul( 1 tineoreti eah l y be ‘72 m m 

~ of ~S- --N amph itu m n i c s ;  lmcncc m i s t ime m m m l n n mm l rat io is n - lnm se
t m m  this  v nulu n n ’ , it follows that  only a relatively snmiall (I , —4) heating is t m )  i’m - expected.
Time re lative mnag n it  odes of time ( I , — 2). ( I . — 4) mnm o ( IcuI depend omm the lnnt itudinial
gradient of hreating w hik ’hm cai n be expected to ( ‘h u a m n g e , for ex ummp le , wi th  s m ’ a s t m m m  : and
the  (mius ( -r s ’ m m t  i m u m u n m i  i m i v e s t  i ga t  i m m m r  therefore mrm - m - t l s to be t mikem m fu i-tlier to cmm m ib k ’ conm-

u n u m ’ i m m  us 1 mm be mm m n u dc ’ . Time ima -r em us e of.!,, a m n i h m i i t  m imIc  below 30 kin woumkl alt p e ai - to be
s i g n m m h i m - n m m i t , am id t h i s  is a n r m mt  i tem’ f c m u t t m i ’ e  of the  re si mits in t ig t n n ’  2 1 wi mic l m  mieeds to i t t ’

followed iii) .
A mhiffeu ’ent m r  s- m’rse prob lem am ’ism’s with h m1’ ~~l t ; m m ~at im i g m t l t i m i m ’ s  t is time s m m u m n - t - m -  n m f

ex -itat iom i niay h u e i m m t 1m m ’ 1 ro iuosp hre re mm imd I huerm ’fore nu l l  i m imle t 1mm ’ h u m- u n ml n’ n l ing e  of

~ 

‘-,~~~~- Lm. . -—‘ - - ~~~ -
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observation. With the usu mal sumrface boundary conmdit ion of zero vei-tica l velocity
it is founid t h at- from observations at heights greater than z a value maybe obtained

fom’ time integral 
J~~I~J,1d:~ where J~ , is related to solutions of time hiomogeneodns

form of ( I ) .  M~ may be regarded as a function which weights J~ at uni v h e i ght
aceord inmg to its contribution to time tidal fields at a given imi gher level. Figure 22
shows Ji,~ for the first six posit-ive modes and their senmidiurnal equivalents as listed

- (l u l) 
/ 

(1.2) 
ç 

- (1 ,3)

20 - 
L~~(2 ,7)J ~~(2 , 12)

km~~~~~~~~~ 
(

-i -
~ 0~~~~~~~~~ -

~

(i -t I c (1,5) 
- 

(1 ,6)

> 
,~(2 ,27~ [~ (2,32~ ml

i- n m n - m m 22. Functions 31,, (mm = I 6) m m i i  nun arbitrary .su - m it .’ w Im i - I  m m u m  ‘ u c l u t  .1,, 1 hu e eom ’ffi cmm-nt
of tine ( I ~ in) nmo dnm of i um- n i t i nm g  at nmn~’ I m- -m n , rl u t umcc -, u r uluntm ~ t i  ml m - - mi t i ’ih m u i m u  1 m m  t i u t -  t uu lu i i
o d d s  at a gi ven im i giner I -s- .- l -

iii tabli ’ 1. •lI~ d epends omm t ime bm usic ’ tenmmper ature lu r o f i le and time u - l u ’ s - u ’s in ti g uum’e  22
arm ’ appropriate to a low latitude at m osp h ere. For all immodes iilu istra ted a near-
surface sou rce is i’clativel y ineffective in genmerating tides at h r i g lmer h m ’ s ’e hs ; mi ll i mo un g hm
such a sotmrce would be effective inn gc mn ern it  i mm ~ luaromimetrie o sm ’ ih i mm t ions ( U mmm s’ m’s 197cc).
Fon’ the genmerat ion of uppc’n’ at -mm mos p imere I i i lu ’~ eacim mmi om l e l u n i s  j ma rt icum ha n ’ imei g lu ts  at
svhum ’h a s n utmrm ’ m -  svouiid be mnm ’ust cffe ’tive amid i mn t v r m n m e mh ia t e  l m n - i g h u t s  at wh ich it si-ould
he i m n e f f c i - t  ivi- , For tire  ( I , I )  niode , time counp h i m mg m ’ x t m ’ m n m i s  mi s - er  t ine wirole troposphiem-e
a mum I is m ax imimu im m m t about 13 ki m , The snunui ( ’  (-ann lit- stu n 1 fmmr t i r e  ( 1 , 2) mode , except
fm)r a ( irm ip in t ime level of n r m a x i n m u m  iii eoum~n hinn g l i i  ahu oun t ‘7 k m m u :  anti l n L m ’ w n s m -  for
time ( I  . :1) m u m . it  i t ’ . if tipper I roinosp hi m - r m ’ h eat im ig is rebu t ivelv small , mmi x im m imi
m - m n m n h m i i n u c  l ’ u ’ u n u c  m n t  n h u m m u n t  5 ki n . On passing to hi g iner murder u n u m m uhm ’ i . sel f—e an cell ati omm
t m u ’ u ’ t n u ’ u- a m n n l  ii broad m n- gi rm nm of tropo sp hm eu ’ic I m i ’ m n t  j og w ’o unl m l become iuun ’ m’cmnsiu i ~ I\’
i t u m - t i m - u - t u v u ’  85 mm t i n i m n l  s n i u n m m ’ m ,

c

_  - -



— ~~~~~~~~~~ ‘ ‘ ~~~“ ‘“~~~ ~~~~~—--  “~~~~ ~~~- “ -~~~~ “ -‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . 
~~~~~~~~~ ‘~ ~~~‘ ~~~ ‘ ~~‘ - ‘

p - - - - ,- - 

4(i4 G. V. Groves
Apart from these general considerations attention has been given to time app h i -a-

tion of tidal timeom’y to the evaluation of time integrals 
J ~MR J n th from obsci’ved

diurnal wind osciliatiomms at heights greater than z . Unless damping is taken imito
accoumnt , it is clear fi’oni the evidence of §4 that an underestimate of the nn agnmitu ide
of time integral will result. Att ention has timerefo m’e been directed to time re iatiomm
betiveen time phase of time integra l and the phase of t ine corresponding u n im pc r atmo-
sphere oscillation as m u mm y likely d amm u p ing can he sh ow-nm to h auv e  an inmsi gnmi l i e t i nmt  effect

Kourou N a t a l

4 :: ~~~ 
~l \ 2 h \ 4 ~) 

____

70 

1” 0~~~~~~~~~ 2 ~2 ]~ ‘m~~~~~~~ 2
local time/li

FId;c’Rz 23. Observed lu l au-u’s u m f  diurmmuul \V—E wi t ud ( l n o r i z o n mtm -.l li nes) coinmpn ur ” d w it I n t l  t “ ‘ i’ m - I  u - u i
values (corut inunius curves) calculated by classical t ud mul  i i  u- cry for Ineni t  inig u - a u --s n t 1 m w
lu ’ s -u - i s  t ima t ma~ i nmui z e  at local no on.

on phase. If heating is confined to hei ghts below :’ and h a s  time same phase at all s inc h n

hd ’ng huts .  d: also has thmis phrase as M~ is mi se~m lar munhti plier; and classical

t imeory timen deternmiines the tidal field nut heights g r emmtu - n -  i l uan  for t ime -.,~is’ t ’ni mmude
and a given mnean ternperatunre profile. A procedunre followed has beemi I t )  take a umiit

ann up h it u ide for
f 

,3f~.Ju- ml: amid a pimase (time of maximum) of local noon. to calculat e

the com’i’esponmdi ng (1 , a) mode of wind oscillat ion at Imei g imt-s greater than  : and
commip are the phase wit In t im at ofami observed ( 1 , i t)  monk ’ of win(I oscih lat iomm . Generally
observed oscillations are a sup erposit ionm of modes amid t In t ’  f e n m s i h m i h i t y  of su ne im
a connparisoil depends on iden mt if y inrg  anm m s m ’ i b l n u t  i ’ unu mum’ pan’t of’ m ui r u m s n - i h l m u t  imi n wh ic lm
co nnp i - is m ’tm a sin mg le 1mm ’ m m ~mn u gnu I  i nmg  momle. The W—-E d iu n rnu ul wmd osci limu t m i n i s  observed F-
by gu’ m ’ m m mu ul m ’  m ’xj u e t - inm mc m i ts  nit Nata l  and Koumroum (§ 3) m i i m i m en m u -  to I mm ’umv ide sumc i i n ba t  m u
above 70km. tIre  observed gr m mm h ients  of im lm im se i ( le i mti f v imi g m - I t t s t ’ l v  wi t  in t h e  I of t ire - -~

( I . I )  mode.
I- ’n g u n r t ’  23 ( ‘ommm h m ares t ime t u l n s u ’ r s - t ’ d  pimases w i th  m - I m m S s i ( ’ n u l  t l t m ’ o n ’ u ’ t i m - : u l  l u t ’ m m t i l m ’ s

g m ’ n nt ’ m - a t m - n l  by n ’ onu s ta i mt  l u iu m ms m ’  heat s u m m I t - e s  (mi t huu- i n . ~h u t s  belo’uv :‘ m m k m u m ) su’i miu ’h
nnm uxi tnize at it un I t  I mnm j o mi .  I ‘h e i st ’  ( l i f fn-r € ’n m t ’eS bctw’eemm ohuserv irtion u m n n d t iieorv m u s’et’ nu

5, 5 Ii f o rN u i t a l am md 6 , 7 I n f m u r  K u u i n n ’ m u t m , t u l n s m - m ’ v u ’ t l  1 u h m m m s t - s 1 u m - i m u ~ i m m l m ’ n ’  t i m a m u  t h i e e a l e u m l m n l -mh
o n t m - s . ‘I ’h m t ’  s i n u m i l n m m - i t s -  1 m m - I  v t - u - n i  t I l m ’ s t -  u h j — j u I ; m m ’ t ’ u i m u - i n t ’ . and l F n t u ~ t -  m m  t i g t u n ’ u -s 4 mi n d S

, - — - - L
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indicate that  some common factor is not bein g adequately takemm inmto am,- e ounmt. If
time displacement hr m i d beemi u mime of 12 h , it could be conn-luded that  the  net m,~cnierat ion
oftime ( I , 1) mode’ by t ime sti-atosp hrcric—niesosp hrt -ri c re gion i of ’ l i t - m u  u in i e  \V L u S n u u ( u m - e  tima im
suffi cienmt to cann el m u ’ n I t l rn i t  of tire tropos l)hem’e and to am- i t na h lv  m ’ u ’ v t - n’s, - t im e plimus t ’ , - I
However , the displacement is much less tira mi 12 in amid om it ’  l um m ss i iu l c  a lu iur oach is to Iinmtrodu m -m ’ a h eating rate wimim -im does imot maxinmize at local iio onm at all heights.
CaIm-u lations have simo w ’mm t ha t  a 3. (i li disp laec ’nmment - would bc n- u’nioved by taking
tropospimeric heati mng t m u  nm axi immiz e only l b  lat em - , but m u di ff icu l ty t ln cn arose wit Em time I -

(1 , 1) mode of surface lu n m ’sst n l ’c ss’hieh could onil y be rem mvm ’d iu ~ ’ t ime added eonmip iic’a—
tio mu of a h e i ght- depemid en it troposp imci-ie imeati n ig phrase (( n-os- es i975 c). As e lmus sim n a l
tidal theory has b&’cn used to calculate theoretical vahnes the discre~un un m -y om’ a part -~~~

of it could arise from one or more of time various assunmptions on whit-in tine theory is
b mm seui . In pat’ticular , t h u m ’  effect of background winds which time t imeory mmeg lects , 

-

requires considerationi . \~‘hen these are included h owever imei gimt ami d latitude
dependeimees cannot generally be expressed m m  separable fornn anmd time analysis
becomes considerably nmore complicated. Mom-c detailed calculations mieed to be
undertaken and compared with a larger v o lunme of observational results befoi’c a
satisfactory Ima s is for time interpretation of propagating inmodes cami be desci-ibed.

io. Dr sct s s iox
The princi lmal eomponenmts of solar tidal variation observed in bot lm sum’face - --

pressure (Haursvitz & Cow-Icy 1973) amid winds at imieteor iommizat ion heights (\\‘ebb
1972) are diun’ mm al and st ’n iidiurnma l. Tidal investi gatiomms in terms of these two comm i - -~~

ponents have been extemmde d over the last ten years into tIme intermediate i’egions
of the stratosphere ami m i nnesosphere b the app lication of i-ocket techniques for
wind and temperature mneasuirement - Scv cm -mti scm ’im ’s of launch m ug s h as-c been spt’ m ’iallv
conducted to investi gate tithes on an exploratory basis , ivinile otimer m ’esui lts have - ‘

been (lerived as a by-product of lau nneh mi ng s conducted for oth er pun r fu oscs 1mm
relation to the conm~ulex vt-n t i t -ni l  amid imor izon ita l structuire of at mm m os p lmer ic titles ami d -

their s c-musu mn mnul  and siiortcn ’-ter ni variat iu unu s  observational covm ’m -agm .’ is at nn-eseimt-
extremely nn m -n t gr e .  In tire h e i g h t  range 35—O 0knm , one of time n imost effective nnmet lmods 

-

of wind amid temperature mn ’asuremeimt iras beemm time grenade experi nmcnit , m mm m n l two -

sm - t s  ofdiur m ial  resun its ii av m ’ been provided liv tI n s tecl mm ni q u me at the how h m mtituc l e sites
of Nat ui amid K o un ro u m. ‘ i ’hut ’ s t ’  rn-sui ts  fe atumi ’e r at lmer ( ‘onspi euou mslv m i  ( ir is revit -w- on
aeco u m nn t  of’ their  um n i ( I ue n a t u m n u ’ :  luetweerm 6(0 ami (i 90 0 km pirase profiles nmrc observed
t i t n u t  (‘an lu e identi fi ed wit i n  a simig le l , i ’em lom imia nt imiode su ch as time ( I .  I ) or ( I , 2) amid
t l m n ’ m ’ n ’ is cvic lcmict ’ of’ d~ n mm p inig inn a imm i m l i t unm ie profile s mi  time lmei g hm t rammgm ’ 2 3— ( i m t kmi m ,
about 2u diurnu m l ,s m - i i u ’ s  of l a n m m u - i n i m t m z s ha sm ’ h a -u-n i  luc id mmf w ’lmic i i S took pl a t e  simm umi l —
tnt  mn eou ns h y m i ni m - i  mug ( h u m -  I ) i u m r m m m m  i ‘I ’ uu l a l  \‘am ’i atiomm L x p m ’n’in n m e mmt of 19 - . 2 m m March 1974
(~ m ’ i nmt mim hh in  et a! . 1975).

TIme genera- h p i m t n m r ’ i m rt ’ s m -mi t m- u h h m y  t i um ’ a s , m i i a l m l m -  n i m u t m u  i~’ t i m e t  imi  l u t u t  Ii d iu u’mn n ni u u m rd
sm ’nm mim i ium m m al m u s u ’ i i l m n t i m m n u s  n m n a j m u r  c o i i t n ’ i b u m l i m m m m s  n m n ’ i u - c  fm ’o imi modes of h i gh e r  m u m - t h u - n -  t i i a m m 

-.— - - -- — . - - - - -~~~—- -— ----— - - — -
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t int ’ ( I  - I )  anmd (2 , 2)  modes , and timat suchm contributions ~-am’y m ’on side m’ abhv between
diffei’m ’ nm t observinig dates. rJ~hie ol’igin of time h i gher ordem’ modes is t - u m m u s i m h c n m ’ u l  to  h u m ’
inn t i rm ’  tropos iulm em-c , wh ere tint ’  nnainm sout-ce of tidal genmei’ation i is ium so lationma l hmea t immg
by ss’atcr vapour uub soi ’pt ion . The hi ghr e .st nmoistu i-e conmtents miccu ir at low lati tudes ,
t f m cin’ distributiomi being En i glilv deinenmd cnt on at iniosp hicn ’ic dymman i mics anmd showing
mmm u u ’ h m gn ’ca tcn’ horizo mmtal g i - m u t h i m ’n t s  ( harm are h ul ’ cscn mt etl  by seasonally mmven’ aged
di st r ibn m tio mns.  ‘l’i u ’ steeper l a t i t um i im i a l  gradien ts of moisture content shown , for
exairiple , by fi gu re 20 would appear to be adequ ate to g m - n u t - I ’ m u t m ’  time observed order
of nu m om im ’ s . altimoug h detailed relationms between uvn u tc n ’ v a i mo umi ’ (h i str ibutiomm anid tidal
m ’ t l ’ m-m- t have vet to Ir e established.

For ditmn’na l oscihi ationms phase gn’uul ie n t s  wit im height n u n - u ’  Obsen’ve(l iii  the strato-
sp here wlmich have values appropriate to time ( 1 . 2) and ( I , 3) m odes; and still hig imer -

oruer modes may be present w~ i n smahlm ’i ’ annp ii tude s. Sevenal f~ictors are expected
to opem’nr t e against the generation of ver y hi gh order mu m n i l t ’ s :  t in ’st a time interval of
one to two days would be required to set imp a stead tidal oscillation and henm ee
oscillations would only he generated for th ’mose modes which are present in the
moisture distrib untiom i aftet ’ averaging with respe ct to its spatial nmo s-cmenmts ammd
temporal changes over this tin-ic interval : seconidlv , a troposp hem’ie heat soum’ce
with a bm’oad vertk’a i d ist i ’ibu t ionm slm ows l i t t le  eoz-i-esponimienee wit h the vertical
s(t u n t - l  t i m - c of hmi ghm ou’der m odes and woumkl geru eru ite t ircm wit ii decm’eased effectiveness
due to self—cancel l ation as expressed liv the source weigh ting fum nict ions ( t i gt n r c  22):  - :

imird lv , danm up ing is gi -cm i m’ i’ for h i gh or(ler mnodes oni accourmt of their shmort vertical
wavelengths. For sem im h iurmma l oscihi atiom is . sinm’ m iiuu’ t~t u ’ t mt n ’ s woun id operate with i’cgard
to time ~um-op agati on of hi gh order nmm odes , Modes wit h aim m u h m u n m u s t  i ( lenmt n--a l vertn--al
sti ’uncture to the ( 1 . 2) mu mm ( !  ( I . 3) n un ’ c t ime (2. 12) ammd (2 . 17) ( tm ui m le  I )  and st m a I m  u~ I m i u e r u m ,’
phase profiles mmppn ’opriu ite to m mu m mmhes  of t h i s  mm’n ie r am -c i n mni u ’ n ’ m l  observed , At greater
hei ghts dissi pation h rt u m ’m ’ssn ’s p i ’ef e re mmtinu lh y n l m m n i m p  out i t i u ~ lr oi’der nm mo des amid a
miom in ant mode 1m m the loss-er t lnc m ’nm o s in im er e n- m u l t I  i t e m -m i nim-  t i r e  ( 2 ,  I I  i ts olmsers’ed by
immcoh t- r em mt st- mutter  n mmeasun’ em em mts ( Bernm mum m l n 974 : ~ n :i :m  Fm ,‘~- \\ ‘a nmmi m ~~~~

Polewards of m i mi tl —lat  i tun m ie s  m li u im ’nm t m l  m i s u - i h l n i t  u u m t u ~ a m p nu h is n ’r v c d su’Im in - i i  are t ’ u ’ u i u - i~~t m ’ m u t  F
with exm ’ it n mtion by nm n m t  i s - n ’  immom i m’ s  of’ s t n ’ a t m wj n l i m - r i m -  t n t - n u t  i n m m j . Fesv m u h s t ’n ’v n n t  n u n s  an’e
available nut I hut-sm ’ l a t i t nn de s .  m in t  m s i m m m h j i - m u t u ’ n l  u n  ~ 9 . 1- n ’ s u u h t s  u u u n u v  i t t ’  derived in- a
t a i l en i  t yp m ’ of in rs ’ ’n-s m ’ n t m u n m l  sis f~mn ’ i i u u u u h u - s nuf ’  st n’ : u t m u s 1 n l u m ’ u u m -  h u e m u t i n i g .  i - ’tu r sen i i i t h i u m i ’ mmal

m m s u ’ i l i n u t  i u u u u s  thm en’c is mit ) m ’ u u i u t i n m m — n i m m ’ n m t  in I n n t i  u n m h m ’  n n n u u f  m m s m ’ m l h n n l  moo s mut  m u ll Jnnl it un lm ’s m m i m i n cum m-

t a  i nn’ Hit ’ s n m n i n  m u f  It nig  ~~‘m - t i u ’ a h ss’nn v cie mrg t im ( h u m ’ i g h ut  m - n m u m h m i t ’ u i )  n n u m a l m - s . suneh ms I I m u ’  (2 . 2 )
of n m ain iv  stn’ at os iu im oru ’ e xm ’u t an non u , amid s b u u m n ’ t  mu ’ n t v m ’ l t - n u u ~t hr h i gh u u n ’ u l m - n ’  b m r u t b m n u L - n m t n n u n . t
t u t u  mu It ’s u ) t m mmain m l y  I i t  1pm iS1 mint - i - i t ’  on’ i i  mm .

Inn s i t u. of th in ’  f m ’ e m h mm n ’ mmt n ’ m ’ t m - i ’ u - t t - u ’  I imn ut  h m uus  m en—in niatle to a ti ’ o i ’ u ) s h m i i m ’ n ’ in ’  n m n ’ n g i m u  ( m u m ’
nms m ’ i l l m n t i . u m u n - n  u m l m s m - u ’ s’m - u I  m i t  n,tl ’u- , m t u - u ’  I m m - i g l u t - -m . it n u u i u . l h u t  m m h m h i e m ui ’  n m u I \ n m m u t n m m. ~u - u u m u u .. J u n  h u n t u ’
c onmmp lenmut ’ i i t mmm ’~’ o l u s u - n - v n n t  um i t s  n u t  I n m ’ 1  u m t s l m h t u ’ n ’ i u ’  i f l ’ ui!Iu t  5, l ’ nun ’  t ime  P 1’tmPuu i~m m t n m m m ~ im u u u u h u ’ ’ -.
i-om mn-e t’iim’ti , ; nn n 1 nIiti m u h u -~ u b u- m - n’ u’ ,uw ’ wit h u hm’ ’ - n - u - ’u sm - u u t  i u u ’ i i , l ut  n u m n d I b m ’  I ; u ~ k m u t  a C t I n i u m -
n n c a s nm rn— mum m-n u t is u u u n - n - u s I u o n u m h i u t - ~I \ ’  m m m mmn ’ n -  t l i l h i m - u u t t  - ‘I ’ nu .m t h h l i m - m m i t y  is i n u m - i - t - : t a - m h  in n t h u
m - : n s m ’  of m i n u i n - m u m m i  n m ’n u ’ i h h a t i u u n t . ’n lu ~’ ( i t t ’  s t u h t u - T - , u u s i t  ‘ ‘ n i  m u f  t n ’ m n i m i u n ’ n l  m u i m n t h m - s nnf  t i ’ n u 1 t m u s ~u h u m ’ n  i t ’

_____ - - L
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heat irng wink ’h m i n t ’  l ikely to d t i nmu inr mu tm’ tin-’ t s u - m hi u mt  i o mu.  TIn-’ m cm i t ivel y s n m mmr li  a im m oum i t  of
available bahlooni tl atm t on m h iurn r a l  v al ’imr ion s linu s been m’es’k’wed by ( ‘hm apm nan &
Lindzm ’mn (1970): m ’ u - s n n  I t s  ha su ’  mn su m u l l v  1 mm- cu t  m n bl  mminicd for’ a n u m m u n a l  as ’c n -m mg ’ -s onr l y and
show’ nmmarked reg iot mal dep ermden mt ’m ’s , probably mussoc iated w it i m sturface topogm’ap h rv :
only in the lower str ’atosp hen’c does a simple oscillation travelling westward svitim time
Sun appear to be dominat inug ,  ~ tratosp imen’ie anti mesospireric m !m scn -vatiomms th erefore
enable troposp hme rica llvge nm em -at ecl positive diur nal  mnom ic s to be mm~m ’m ’ m’eadi ly isolated
as troposp h eric miegative m ode -ommtrib uti ou is m oe al m s t ’ iu t  to lw immure comivcnm i ’mnth ’
observed on accou inmt of their  magnified amnp h i t m n ul e  am’isin g fm’om ti n - ’ lower m mir density:
and to be stindied on mu much shorter ti m e scale of j um st  onme on’ a few days conmpai-ed
with time seasomial or a-m unm imal intei-val used with tu’oposp lmci ’ic data.

Vt -i-v little can be said about time Iong i t u mdimma l depem idt ’mn--e of stm’atosp hum -m’ i m ’  titles
at lu u - t ’ s c n mt as most datm i relate to time Aimmericanm coim i iume n mt 01’ adj at ’emmt l u t m i g i tudes .
TIn ’ effec t of long itudinal  depermdenc-c on the veil m m m i st n -t ncture of’ ~mro~t nt gn ul imm g
m u m u m m l m - s  is to sh orteim vertical wavelength s (~ 8) , bu n t t ire change will onm l y lit ’ d i m - -I nu lule
fmur s i u t h i u - i c n t l v  large w’m tv m ’  n n u u n u m i ) e u - s , ‘h ’hu is n m u n u v  be I he n’emt son wim~’ m u l e-ncr ’s-ed
hmi ’ofii ~s could be ( h i s m ’ i mssm ’ m l  n u b m m s ’e in tem ’imi s of luemg i tund i na l l y ss’mm iinie t r i ’ modt’s su’ it l m
no app mu m ’ enmt m u l m o r t m - u u n n i u u g s . For’ st rn i(osp im cm - i ca h lv u ’xm - i t e d  modm ’s . ( m c ’  uu ssunm ptiomm of
l ommgi tu i ( l in n u l  sy mmni et i-v should bm ’ just  iflm -d if h u ’ n i t i n m g  is s i n u m p ly (iependemit oni s titm r
( lechu m mml ti om i amid related p h moto clm e nm mi s t  my .  lloss’c’vem’ , at the tinmme of Sti’m i t m e -n l ) hm er i c

war m i i i  in gu- - i m i t t - m i s t ’  s- mu n ’ i n i  t i n  mm s in oz o nmm ’ n - on r e m - nm I m’at i m m u i  h im vt ’ h m e c ’n i sim o wm m to -ori ’elnu t e
ss’itlm reg iomns m t  tc imn lu erature m en - n- m u s t- , m m m l  l u u u u g i l  t n m i i n m n t l  a svmuni m m etm ’ ies  coum ld ti m em i
be ex iue t- tt ’d to hn e pl ’m ’sm ’nrt iii  ( h u m ’  m h i t m m m m m u l  t u e l  sc- nnmim l i i u n’ n m nih  F n m ’ m m t i m m g  rates. ‘fire conis - —
quences for I it i m m i ex t - i  t n t  I i u umr n i c h u e m m nl  o m m t i m m -  iuon’izo n u m al mun ru l  s’em’tical st ruc tu mn ’e of time
imeat su uml rm ’n ’ , a nini  t i n t ’  I s - h u t ’  tu f m u s t - n - s m ’  a n r m u l v s i s  m l u ’ s t ’ n ’ i b e d  j im §0 ~ pi’ obmi lul y iio lomm gt ’i ’
ft  ‘asib Ic Sum the it ’ n i t  rm mu-h - n - I n Inn t a m u f t idal m ust - i i i  at tun i s  mi n m ’  ni t  ) t- at- present availa lilt ’
polesu’i un’n l s of’ 43 hat it u n m b ’  for i n m v u - s t  i g a t i mu ~ I I r i s  sit nation. ‘ i ’ h i m -  sen mi i— diun ’n mm u l m odes
intm’o duc - ml i my m m Imi g h u l ilt it uclm ’ im n ’ mnt  soumi ’cc ’ would be of a m n u u u - i m  i r i gimem ’ m r m’mi c ’ n ’ t h an tire
(2. 2), 1)ossih)iy mmea i ’er t m u  t ime (2 , t O )  ( i” ig. 13) or aim equmivalemit  lonmg i tu d imn a h l v  clepeni—
dent foru m , St ’s- ermm i fem it n m m’c s ol)sers- t ’m h m m  w’ in md oscil latiom is at- 80 - 1 00 kim i by
nmt ’teor radio’ (F ’ll omn s . ~ h mi zz ie h min m o , Glass & ~\1misst’beiif 1974) are sinm u i l am’ to timose
mlis ( ’ i  u ss m ’d 1 mm-u - n ’  and it woum l mi be sum’~uI ’ising if m m eonnii ion tI’opos~)imer ic oi- m t  m’a t u m s l )hmeri m -
or i gimm wm’i’e u n i t  re sponmsi lri e.

‘I’i u m ’ f lux of elncl’g\’ u -mm i-n ed im pw umr ’m l s by ~mm’op mg~ t l u g  n u omh m-s is clissipmited mit vam’ious
levm ’Is n u n ’ m ’ m ) r m h i n l g  to t i r e  vt ’m ’t u -mml w n i v e l e m u u t  I n of t  inc j m mom l e u’mmnrm ’ e n ’u med : ft)r t i r e  ( I . I )  mmi ode
tine n m ma in dissi pation is in t -ht ’ loiven’ thnermosp hme m -e. Time di un ’nm a l cn m t ’n -g ~’ f lux Imas been
u-st i nn mm mt em i  t iicoretieallv by l . im i dz m- ni  ( m 967) to an n iou mn t  t o jn ms t  im ’ss I h i m m n i I na i f  t lie
downwmun’d flux m r f s m m i n n u ’  I’ m i m i j i l t  kin a l m a m u l t u ’ m l aluos’e 1( 13 h - m n ( tmm kt ’ mm mn s  2 . 3 m-r ’g (‘iii ‘

~~ s ’;
2 , 5 nmJ m 2 s ~) M m u s t  m n ’ t ime e a l n ’ i u l n n t u - t l  unpwam’ ul emierg v f l i m x is m - n mr - m - i e n l  in’ t i n t -  ( I . 1)
mon lm ’ amid t i m e v a l i u m ’  ru t t i n t -  m ’ q u m m m h u n  is a l i t ios t  I l i n e  I i n u m u ’ s  t ime dn nv nrw mn m - d f l u nx  of
nm l u - m u u n ’ l t n u l m i t ’  racl iunt iomi , Am -m- or dii mg t n t  t ime  wnuu ’k m ’m ’s’ in ’w eti inn §4 , tn’ u u 1 n t u s 1 t l i u ’ u ’ i t ’  l m c a t i n r g
a im m m m u ’  su m told geumer ate ab oum t 4 t innes tine mit - I  n u m m u i m h i t u n t i e  m nf  svlm i(- Ir ~ I~un ’t ~ i~’ m ut u l m l  lie
( ‘a nmn- e i i ecl omit hu3 ’ ( h u m ’  s t m ’at o pm umi su ’  region md 1 m m - n u t  i n u c .  T h u n -  1 no j nm t  t u m  Inc m u m m n m l e  is ( l i m i t  t i r e
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n e t  f l u x  ofcncm’gv is sensitive to un iv e lm nmnmge in time ( 1 , I )  nnode (it heating for one of
t h ese reg ions relative to the other’ . c’ ium inm ge s in solar declination and Sun—Ear ’th
distance are common to both regions, but rim erichio umal displacermients of time water
vapour distribution into the sumimmer hcmisphmer ’e have no obvious counterpart in
time stratopause regiomi . At the times of maxirnummi tlispl a ccn umc nm t of water vapour ,
in January arid July , the tropospimeric (1 , 1) mode of heating su-ould be expected to
be least , particularly in July on account- of the large excursion of w-atcr vnmpour at
As inun  mon soon long itudes. A simple calculation shoss’s tirat a 15% redumction in
tm’opospheric hmc ating would approxim ately halve time amimlitude of the n e t  tidal
motion; and time upward energy flux which depends omu time square of amplitude
would then be reduced to about a quarter of its original value ! Time above numm mibers
are only nominal being chiosenm to illustrate the appreciable change of u pward energy
flux that svould arise from a small relativt ’ change between time tss-o regions of
heatinmg. The resumit emphasizes the riced for a more d etailed evahratiomu of tidal h eat
sources , their contribution to iicati nmg in time loss-er’ thermosphere and time timm i e var ’ia-
tions involved

In th is work on uppc ’m’ atmosphere str ’uetuu ’c time m i ut hn or  has been assisted svithi
nunmierical analysis arid computer progra mnuuing by Miss A, Hair - is befon’e April 1(175 ,

Miss A, Rass ’stimui’u me fi’omn Apr il to Sc-pt cnmbcr 1075 and sub scquerr t l y ii” Miss A, M.
Yeumig : their’ assistance is gn’atefuhly ack mm ou u - Ic ’ dg: d, Support- inn s been jmn ’ n u v ich c t l  In’

time Office ofAci’ospace Research and Development urm mdcr Grant No. AFOS 1 -72-2 2 64
and tlmt’ Bm’itish Meteoro hug ical Office. TIme diagrams iii t imis papc-r imav e bet -nm ably
prepared U Miss U. Cam pbell and members of time I) epa n -tnmt ’imt al Phottm mii ’mn p hr ic
Gr’oup. The ioanm of repor ’ts by the British Interp lammct mmry Society Library St-n ’s im ’ e
is gn ’eatl y appreciated.
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LATITUDE AND HEIGHT DEPENDENCES OF SOLAR
ATMOSPHERIC TIDFS

U. V . ( R O V I  S
D epar ten eint u u j  I ’ /uu’ c u ’ m and -I u t r m n m u u~m m  - I ‘; ‘u - u ’r m m t m ’  ( — / !u cm 1 mr -j im , ( , m m u u u r
,c ( r u ’,’( I, ondon R ’CIE  6BT,

The s’~~m n, u i m mT i s  of classu ~~m i t idal  I t i c m m i \  have ht ’en used t m  5 m n l c u k m u i ’ (on a rs ’ f , m u s r

scal e I r e r i j i n  l a t i tude  and  heug luu dm ’ps’ i u d e i m  c~ n h i t  r c I , m u  m u m  m u I r a tmumospher ic
tides in the  t roposphere . m i i . u i sp her e  and  nme so sph er e . Ih e  Ia ’, ii , ’ d u m u a l  dep end- r-
e n L e ’ -  , n ue E lough func t ions  which are presented ~~ap h u c a l l ~ I T  m \  i i n n i m ’ i i  n~ and
as v uu l me t r i c  d iu rna l  and semid iurna l  nm od e s , 1mm , heigh t d e p e n d e n ~ c” .urn -’
developed: one is a func t ion  which  weights the  heat ing r a t e  :ni ,nm i ~ level in prm ’-
portion to in s  response in the su r l a ~ e pressure oscil la t ion : the other is .n lu n c t i on
which  weights the  heat ing rate at any level in pr oport ron to Its re’u p mu lmc  in the
t ida l  fields at a given higher level . .-\ typical  hea t ing  rate profile ms adopted to
which these weighting funct ions  are app lied , l’he sur l ,r ce  p r e m m m n m s ’ oscillation
and t ida l  fields at 80 km are discussed in re la t ion  to  the  levels of hea t ing  t u e-i
which t h e y  are mainl y exc i t e  Ph ,u s ’ m m u t  the surface pressure m m s c m l l n n i m , m n ,
expressed as the  t ime of maxinmun i  pressure. are ca lc u la ted  f or  severa l nmodes
and in view of the various assumpt ions involved agree well  wi th  pre v iously
reported observational values for symmetric  modes . -

~~~~

I .  INTRO D”JCT ION
Till. St BJE( ’l ‘11- atn iospheric t ides has been one of long-standing u ca dm ’u i m n e
m n u e r e s i  concerned w i t h  11w i n t e r p r e t a t i o n  m t barometric m m s cmlh mim m mn s . \ major
contr ihu tuuun to this sl uud v w,us provided by the firsn s m u n d u m i g  rocket s  launched
in the ear ly  I m m S i t ’s t m  d e t e rmine  the temperature of nlu e upper atmnosphere, The
p r m u l m l e s  ob ta ined  showed t h a t  the  p rev ious ly  adopted t e r n p e r a i t l r e -~ ~ t 50-nO lou
a l t i t u d e  ms ere  n o u u  h igh and led to t h e  a h a n d o n u n i e m u t  of t he  ‘r e m o u i , u i u ~ e I hm ’ im r ~
which n t  t r ’i u m p u ed to , u 5 c m u u m n u  t , u r  t he  n i a g n u i u u d e  m u t  t h e  solar s e m u d i u r n a l  h aro—

t in - u r i s  m u s t  u l l , m u  m m  by r m - s m u u i a m m c e  i u i , i g n m t m , ’ai i m m i t  of the Sun\  g r m t v i u , m u u m m n a t  t i d e ,
S n u h s e m l t m s ’ i u i  k t i d a l  t 1u e uu r ~ lu , m- , 9 m m -n e x t e n d e d  i m i i r c , t i  t h e r m a l l y  gene r ated 1 des .

In recent  y e ,nr s , s n m u n i d m u u g  r ocket  tm ’c i u n u m q u m m ’s h u ms ’ c on t r i bu t ed  l u r t h e r  I m r  t h e
study of a t m m m s p h u ’ r ic  t i de s  t m ~ pr m v u d u r u g  ml r n i  u u s p h e r i c  m m m d  i l s ’ m m m m p t iu ’m m~ wm r md a nd
t e m p c r a t u r m ~’ sl , u t a mi v , m r i u u u n s  t n i i u m ’m u t f u \  t O m e - i  ms li e-lu s m m l , m r  i u d , n l  c o u m m p o n e n t s
have been re su l t e d ,  ltv t he  u ’ i c u i , m u i s ’ e x p e r i n u r t ’nut l e c hn i q i r e , d i u r n a l  wind  and
u e u u i p e r a u t n r e  c m u u m u p u ’ r t m ’ f l l s  lu ,uv t ,  been rm ’m m u l v e m t  b en a c e n  35 and  05 km at l m u mm
I n n  n u de s  F I I Oh m ’r ’, m t ui ’, a t  I l ue se  he igh t s  a i m ,’ p am u c n u l , m r  l~ va luable  a ’- c lass ica l
t ida l  u l u e m u r s  im ‘ u k  _ tp p lu cah lc  up l u  a b o u t  t t l  km dime tm the  m e - t s r - i  m t  m t m m m u p u i  sue-

pru m mmc m a u i ,~ pn tss i h l e u i m u i t - l u u t m ’ ,m u u i  em Bm ’ iu u mm mh i s  l ev e l  t h e r e  is u h e r e t m m r e  ih~’

p i m m s p m ’~ i m u  a m u u i u p . n r u s m l t  between uu hs e r s - , n u  u i, and m ’l a s si m ’, u l 1 1 m m - u  m r v .
( l m i s s t m , n I  u u f , m I l t u m ’ m u i ’, neg l e c t ’- fln ) n—l ine ar i l  em . mo le s-ula r  ,m n d  t u r b u l e n t  m t u l t u n -

su e--u , l a t u n u m l e  s a r u , m u u u u T u s  mit u h e  undis turbed  u t  u i m  op h m ’ t u _ ’ , m l  f r - m i s  uu t i s ’ I T , mi f l  and
dev ia t ion s  li ii, t u s d r u ’ s u n m u ~ s’ m l n l I l i t ’ r u u u u u u  t ~h - l t .n r i up i ng  m I m e  i u m  u n f r a r e d  u m o l m n g
has been u n c l u i m l e m l  in an m ’ S i c e - S u m  ‘II mt I h e t h eu r i ’, 1 h - ’ , mhu ’m e .n smmn n u pt i o n s  have
bee n d u s s ’u issm ’d in m ,u u i t s -  d m ’ t , n m l mn R u t  -~ w h er e  su u l u t  r u i ns  are obtained t u m i  t i da l
~m u u u n p m u u u m ’ r u i m  b y t t t e mi’t h n t d  ml m r - p u t _ n t  i m u f l  ml  s i t  m . d ’ l s ’s . I ) u I I m ’r e n t n a l  e q u a t m u ’ n ’
are u u l ’ t u i l i l ’u i t u u r  t u m u 4 n n u r n s  ut l a t i l  m d c  ,mn d lm e ig lu l  r m ’ m ps’s u mclv , and appropriate

-_ _  _ _ _.
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U . 1 ’ . Gr i  u-es

bounda ry  condi t ions are introduced for their integration ,
The la t i tude  dependent  funct ions  are solutions of Laplace ’s t idal  equat ion

having acr o v n l m u e s  an the poles in order to be single-valued , Such s o l u t i o n s .
called Fl o mu gh func t ions , exist for d i scr e t e  values of the constant  of separation ,
each value of which defines a possible ‘m ode ’ of oscillation , Time general solution
is then obtaine d am a summat ion  of smuch modes ,

To each la t i tude-dependent  func t ion  corresponds a height-dependent  func t ion
which is the solut ion of the ver t ica l  s tructure equation ’ for the  sanue eigenva lue
and appropriate  boundary  conditions , As convent iona l ly  defined t h e  e igenva lue s
have dimensions of length and are referred to as ‘equiva len t  dep ths ’. l’he lower

• boundary condition of the ver t ica l  s t r u c t u r e  equat ion re la tes  to the  component
of velocity normal to the I , m r t h s  sur face , the usual assumption being that  this
is zero . The upper boundary condition relates to the downwards  f lux  of t ida l
enei gy across a horizontal  surface at the upper boundary  level.  This is usual ly
taken to be zero by locatin g the  boundary  at an adequate  u ,e ig tui ,

2. SOLUTIONS OF LAPLACE’S TIDAL EQUATION FOR MIGRATING
WAVES

The Flough funct ion (-)~ corresponuding to an equivale n t depth  h~ sat s t ie s
Laplace ’s t ida l  eqn at i on  131

~~
_ ft- it.. ~in1 - -_±__ 

f2 p 2 
+ —~— le~, + 

4a2 w2 
~~~~ = ~

dp 
~ 

~~~ dp ] f2 - p 2 
J 

f2 -p 2 I -u 2j g h~

where p = u :,u s 0 , 0 is r - , m i i t u i t u d e ’  s is the  long i tu id ina l  mma vc  n u m b e r  m m t  11mm - uxc i l a -
t ion : f = ½ m ’u 0. where u 0 = I 0027 ( t h e  ra t io  of sidereal  to solar angu l a r  veloci-
t ies  0f the  E a r t h )  ,mnd nuu = I - 2 , , , , . , ,  for d iu rna l , sen nu in i iu rna l  . ,. .  f r e q u e n ci e s -. a is
the Ear th ’ s radius :  w is time Fn n r th ’s sidereal angular  sm ’ k m r - u i~ g us an :nvc r age accel-
era t ion  d u e  to ~~av u t \  - h~ is dependen t  on m and s a n d  in g e uns ’ r , i l  t h e  nuuode is
m t e s c r t h u ,’d us u h e  ni , s , n )  mod e with c q u i v a t c m u l  dep th  h~’ -

For the  part r - u n l , u r  case of unui gra ’i ng w aves , nu = s a n d  the  w,nv cs move to the
west wi th  the Sun . M eteo rolog ica l els ’ n u u e n l x  t h e n  h mave  the  sanme dependence on
local t in ie  at a l l  longi tudes  and the  mode description uiiay bc abbrevia ted  to
(m , nI ),

M e u h u m , d - . mit  c a l c u l a t i n g  lm~ have pre s ’u m ui u s l v  9,-eu , described l~~, 4 1 and s , u h n i e s
t ronm Re t . 3 are shown in ‘I’.nh te  I . The corresponding en h n , u m s ’ been calculated
fronr summat ions  of j ss u , - i , u i  cd Legendr e I m u ui c t  ‘mi s  u m inmg n Ine  t a b u l a t e d  numerica l

- ‘ cmu e t t i c u s ’n t ’ m gmv en  in Ref . 3 and  arc shown on a r e l a t i v e  sc, , le in I - p-i . I to ,‘~ .

TAB!, !: ’ 1, l ’ a /un ’ , u of u ’ q m I i m ’ a / ~ iii fu r - h u m  h~ ui  k n u u  i m u r  in = u / .~/ .

I ) i m u u  n i a l  r n u u d e s  Semid iu m na  I nrode s
n I n )  ( 1 , - n t  n m 2 , n )

- ‘ 
1 O l e - m I  ‘ct) ~~~~ 2 7 .552
2 1) 235 - I  2 , 2 7  3
,1 t) . l 2 0  - 1 . 5 1 4 2 . 11 0

4 0 0 7 2  - I , 7t, 5 I , 3 n 7

S )t , 04 4 )  m ,S u , 0, ’) Si ,

t t , c t3S  -ml u , 4  7 0.

7 m m 0 ~~q u .4 I , , m 1 5 ~) 5,4 ’

‘c 1)1)2(1 -1) 4 1  m u ~) .
~
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I ig. I . Sym metric diurnal liough functions (re lat ive mm -a t m -I .
A ny  f u n c t i o n  s~- mi n n u i e i r m c a l  wi th  respect  to the  eq m iat ma r  can i ,m - represented h~

a serues of symmet r i ca l  l iough f u n c t i o n s . For l ine  d i u r n a l  t r c q m u m ’u m c \ t h e r e  are
-
~~~ t V , u m  sm - u s  of l lu i ugh  f u n c t i o n s , whereas  fuur t h e  s e n u i d n u m n a l  m u n  I u c g tt e i fret;e-encies

only one sd arises , t h e  speci .mI s i t u a t i o n  w i t h  t ime d n u i m n a l  f r e q u e n c y  ar ises
hecamise the  :mngui l ar  v e l m , c i t y  m u s s m u c i a l c - d  mm u t h  t h e  ( ‘ u u r u u m l is  t e n r u u  2w sun mS , ~ 1ucrc ~
us l a t m t u d e , becomes equal  to the  angu la r  s m - h r - i t  ui I hue mm ’ um - t ll ,n l u u m u i  a t  some
l a t m t u d e  (n a m e l y 0 = 30° ) , w t u - r m -~m s h u t  i r u g h mer f r e q u e n c i e s  2w sin ~ ns less t h a n
the  angula r  velocity rut t he  oscillation at  a l l  Ini t 1 t ud s ’ s  l h u m ’ t w m m  sm ’ts  of d u u r n a l
Flough func t ions  relate  tm m l a t i t u d i n a l  var ia t ions  tha t  are conf mu ued t i m  l a t i t u d e s  u’f

— less than  and gr eater than  n p p r m m x t u u c , m t m - I \  30° tem p t - cu m c l v . I mr t h e  lm vmt l a t itude
set wh ich  are denoted by p m u s i u  is c values cml n aiim) r e i e m u m ’ m l t o  as p u m s i u  m c  modes ,
time e q u u n v a l e n t  dep t lu  h~ IS ) i m u m t t l \ m ,’ ,nn d smal l  I compared w i t h  t h e  a t n t i o s p l m e r u e
scale heig h t )  and I hum- v e r tmca l  s t r u c t u r e  us m , s c i i l , m t  ‘tv w i t h  i u - I t t  f i e lds  propagat ing
to considerable  d i s u , m n s  es f rom I lie level  m u f  e \ m ’ u t a t  m m i i .  On t ime  o ther  hand . for
the  high l: mt ml  t ide m et , w imuch ire denote d m y negative v a lues of mu and a rm- referred
to as negative modes , t he vert  cat ml r u n r - t  nn r c  is n u , u i - u u m r - n l l~n t  m m m v  , n u : d  I uda l  f ields
decay .mw ay f r m u n u  a level u u l heat ing .  t h e  f i rs t  fou r  s~ n u n n u e t r u c  members  u t  m mcli
set ar m - shown in i ’ u ~ , I ,  - \ i  high l a t u n u i d e s . a m e - m m - u i  t u m u i s l i m m n  s m m u u u l m f  me represented
almi most  e n t i r e l y  by iu e mza l i v e  modes . wh ile at l um sm hi t ml t id es p m  m m i i  ye modes would

‘ 
co m nup le t e  the  r e p r e s c n t a t i u u n .



U. F, Gro ves

The quanti ty whose lat i tudi n al  variation is relevant to the the rma l  genera t ion
of atmospheric t ides is the rate of d iabat ic  heating per unit  u n uas s  of a tmosphere .

t At the equinoxes insolational heating would be expected to maxim is e  at the
equator and steadily decrease polewards . Such a variat ion lacks close similarit y
with any single Houg h function (Fig. I I , but the re are partial correspondences
with the ( 1 , -2 )  mode (at high la t i tudes )  and the ( 1 , 1)  mode (at  low lat i tudes )
and these two modes would he expected to feature prominent ly  in the fu l l
Hough fu nction representation of the heating dis t r ibut ion.

At the solstices asymmetr ic  components of heating are likely to be enhanced
and Fig. 2 shows the first four asymmetric  Hough functions of each set. In this
case , the la t i tudina l  variation m n n ~ he clu , se lv  approximaned by a single Hough

N 

?t 

N

1 , C i  : 1 — 3

N S~~~~ O~~~~~~~~~~~~~~~~ GO 4~ 5

(1 , 6 )  10

sr - ~~~

~~~~~~~~~~~~~~~~~~~~~~~~~ S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fig, 2. Asymmet r i c  diurna l I loug h funct ions  tr ela t ive s~~ic),

func t io n , namely the  t I . - h Such a representation was adopted by Lindzen I S )  -
On the u u t h e r  hand observations at the low-lati tude s i t m ’ mi t  K ourou ( 5 . 1 mm N I have
indicated the presence of the I I , 2 )  mode i n the  diurnal  u t u e s m u s p h e n u c  t enupera ture
m m m c t l l a t n m u n  I l l  - i t  is t h e r m - I  m u m  e pu u ss n h l e  t ha t  several H oug lr I i i  net u m u n s  m suay he
required I c ,  r ep re se m u n  t h e  asynimet r i ca l as well  as  t h e  s v u t u u u i c i r u c . s n l l a t i t u d i n a l
distribution u m l  m l u u i m n a h  h e a t i n g ,

0m m )

~

- -

~

‘I ’ - 



Lat itudt-  and 1/ eig ht 1) u - ; mm ’uudm ’nc ’cc m m !  Sola r -f t r n osp li er ic / m du ’ .u

l’h e symmetr ic  and a s y i m u m e u r l e  I I ( u m u g h  f u n n m c u i u u n s  h u m  t h e  semidiurna l  Ire-
quency are shown in Fig. 3 , In this  case , the l a t i t u d i n a l  heat ing profil e would be
expected to app rox ima te  t m  a sing le pr c do m n ir ’ :r n t  iniode , nuamely  the  ( 2 , 2 )  mode.

N~~~~~~~~~~~~~~~ T~~~~~~~~~~~~~~~ S N~~

~~~~~~ 

2 ,C ’
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Fig. 3. Semidiurna l llough funcdons (relative scale).

3. RELATIVE CONTRIB UTIONS TO THE SURFACE PRESSURE
OSCILLATION FROM HEATING AT DIFFERENT LEVELS

‘1 It is a well-known result ( 3 , 61 tha t  the (2 . 2 )  mode ( w i t h  an equivalent  depth of
7.8 km )  is intermediate to the oscillatory propagating mm iodes and the trapped
non-propagating modes. Tida l generat ion by the broad reg ion of strato sphe ric-
mesosphe ric heating is not sel f -cancel l ing for th is mode as wi th  oscillatory modes ,
and t idal  fields do not decay away f rom the  re g ion of hea t i ng  as w m t h  t rapped
modes onsequent ly  a~ the  m u u r t ~n m. e t h e  mn naim r  con t r ibu t ion  to  the  sen u mdiurn a l
pres.sure oscillation ,irist’ s f rom s t r a n u m s p he r ic  and muo t n n m u p m u s p h e r u e  hea t ing .

Global d i s t r ibu t ions  m u t  s u r f - t e e  pressure have been analysed h y  l t a u r w u t ?  and

m
’ (‘owley 17 1  in to  diu rnal  and semidiurnal  Hough funct ion  component s and (h ~~r

u e s c i l t s  for annua l  averages are shown in l’ahle 2. I he ( 2 . 2 )  mode is respon sible

— 
for t h e  m a i n  part m i t  t he  sciu ni ]  i m i n u m . n l  u , s c u l l . u l u m u u u , w h e t s _ n m , m i least three m m m d c ’ ,
make impor ta n t  c o n t r d - un t i mun s  t i m  t h e  m l i m n r r u a l  o sc i l l a t ion .

‘ the  calcula t ion m u t  5 u u u I~i m e p r e s su r e  is d m ’ p c u u m l c n l  on the umune g r anion m i t  t h e

v e r t i c a l  ‘ c t r u u r - i i u r m ’  m’ u ) u u . u i  m m i i  w h i u m h  f o r  a i l u m m u t , ’ s m u t  Ii equ iva len t  dept im hi is . when
damping u lu e 1 m m  infrared coo l ing  us neg lected , ( , 4 J

I. ~ l •~ I 1 m m  1 1 ( x )  + ~~~~~~~~ = m- 5 ’ ?  ( 2 )
d x ’ 4 h d x  ) ‘ g h

u u ~.

_ _ _  _ _  -- -~ - - . - - -
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l- ig . 4. (Left ) Atnuosp heri c scale heigh n II ) k m ) ;  (Right )  Diabalic heatin g rane per unin  mass
of at mosphere i (rela t ive scale).

TAB!,!- 2. i l r ut iual  u ; i p u [ m m . m i i tj u m ( ph  and t u e-u ’’, 0J ?ltGXlt t l lL?Pl  i / u m u i n r s  I . . 1 . )  Of
duur r u al ar id an on udon rp u a l ~it m m i/n m of mu rj a u  u p r ,  c., in rm - ma cc ’j /la t imu p u  / 7/  - / I’ m in  asu ’,n-
Pnc ’t n i u ’ p n m u m / u s S t u n  luram ’A’ m o s  (lit ’ i’ u! u m n , ’c  a r m il, ’ u ’ra I ,’ m ’m m m )  a larger ,m n a u m m n a m m i’ar ua t tori
than f m u r  m c  p ucnum ’ !rim a)  pi um m m J , ’u . /

Diurnal modes Semidiurnal modes
ri ( l , n) ( 1 , -n )  12 ,n)

Amplitude Tim e i m f  ma ’.- ‘m mp l iuud e Time um l ma’.. Ampl i tude  Time ru t max .

I 273 s, I t 7 3 S i m m  . -

2 - - 44 2 5 4 ju l0 4 9 7

3 69 17 .1 151 0.4 ) S i  0. 1)
4 - - 2 , 16 17. 1 153 9.5

- . - 
5 - - - - 05 1.4)

6 - 
— 

124  17.1  59 9.5

y = y ( x )  is an auxiliary func t ion  from which the s m ’rtu ~ .u) dependence of ,mnv
mneteoro logica l  e lement  may  he derived for the g i S t ’!, mode , s is t h e  he igh t ’
dependent parameter

x = 1’ _
~~~ —

m u

where / is height  and H is a tmospher ic  sm -ale he ight .  J ( x )  expre s- is ’s the  height
dependence of a given mode in the  expansion of t h e  l~m t i l i i c h i n a l  p r o f i l e  m ’ t  the
rate of heat ing per un i t  nuas s: and g = ( 7 -  I t ’y . where ‘y is t h e  u , m i u u ’  ui ‘i p e m i t i c
t ueat  of air.  In gene ’ al y and J are ,‘ m u i u i  p 1m ’ x q u a n t i t i e s  repress - nun i u i g  both p )muse
and anip li t t ide.

I i u t c ~z r , n t  i m u u u s  o f )  2 )  h ave been ca rr u eu l  m i n t  w i t h  t h e  ‘d m u p t e d  scale ue i ght  profile
sl im mm ui in 1- ig ,  -t ( left ) and .m h eat m u g  r a t e  J whose r e l a t i v e  he igh t  depemidenc e  is

shown in t h e  r i g h i ) - h a n ml  d iagram f u r  a l l  mode s . Fhe scale he igh t  prof i le  u s iup pr o-
p r u . n t c  I mu low l a t i l u i d e s  a n d  w ins  h u u u s e n  in p r e f e r e n c e  I omm e l u i r  ma miu md -I at ii u n d e s
m m the unuleg ra tu um n s u t  ( 2 )  m r s  p a r t i cu la r ly  seuu s u t  ye to  t h e  f t u rn i  m u )  I I  in t h e  c ,nse cut

pos it ive diii m a  I m u , mlm ’ s wlm ich propagate sI r m u n g l~- at )u ma .1 iii ii m l cv
[‘he heat ing  ra te  is ~n s s u u u u t e d  to max n un _ se at t he  s . u u u i e  m u c a l  t u i t - m -  I m l  all he igh t s

for a given f r e q u e n c y  u t m u s r - t l l , m t  m u m n ,  ‘I’ a m i d h e e x p e m - neu l  m u  lie r - l u u m e 1 m m  12  noon.

.s m m 2
4 .

- — ~~~~~~~ 
,
~~~ k. ’~’—-— ~ ---”
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Lati tude a :ud lie/g lut J. )epi ’u i d r i i m a ’.m of Solar A tnumu splu er ic - J ’imiu ’,u’

In the troposp here three  categories of heat ing are ind icated

A. Insolat ional  heat in g by wa te r  vapour  ab sorp t ion  which  has been
calculated h~’ the  nmethod of Siehert I~ 1 using more recen t d , m la  on
the  height  v a r i a t i o n  of s p : c i f i ~ humid i ty  ( 9 1 .

B . Inso l a t iona l  hea t ing  by  absorption b y p a r t i c u l a t e  m u u a t t e r  whu cn  has
been t a k e n  as 50 per cent of the h eating due  to water  vapour
absorption below 300mb ( 1 0 ] .

C. Heat ing by ene rgy  e x m l u . n n I g c  w i t h  the  m u r t . n c c . -‘mm no q u a m m t n t a t i v e
information appears no he ,uma uLm tilc g l c m h a ) l ~ , C f i:m s been combined
with B and an exponential variatiom i wit h height adu apued.

The con t r ibu t ions  of B and (‘ a re - , m u h i c -ct to cm, ns idera hl e  e ? m m h , ml  m~ rj at io fls , C
cont u ih u t e s  a low a l t i t u d m -  ‘ l , m i l ’  1 m m  t h e  p r m c l u l e  m m - h i c h  varies he twee u  land au u d sea
areas , In  the  st r , n i  m m s p u u c r e . t h e  hc ,u i ung is i m u s m u l a t i o m i a l  by m u / m u f l e  . i h s u m r p u  m u n  and the
prof i le  shown is t h a t  given h~ L ind/en 15 . The stratosp heric prof i l e  h am been
norn u a l ised  to u n it y  at its m u l a x i n m u m  and  time t ropo spheric  p r m c t u l m ’ has  been scaled
, m c c o r m l u n g l y ,  A l t h o u gh the r m ’i al  m e t ropospheric and s t ra tosp h er ic  c c u n t r i b u t  ions
are subject to some u n c e r t a i n t y  the p redominance  of the  s t ra tospher ic  contribu-
tion is not in doubt and illustr ates the eftective r -uess ccl  th e top-side cu t t he ozo n e
la yer as an m’ncrgy absorber per uni )  nnass of a t m o s p he r e .

By in t em - ra i  c u e - s  of ( 2 ) , funct ions  Ion s e beer , obta ined which weight the
hea t ing  ra te  at any  height in proport ion to its c u ) n t n i h u t i o n  1 m m  t he  sur face  pressure.
Profiles of W p and t h e  product W~ J are shown in I- ug . . ~ fo r  the  ( I  - 1 )  mode. W p
has two components  as both phase a n d  a n u p l i t u d e  of surface pressure depend on
the ver t ica l  d i s t r ibu t ion  of heat ing for posi t i ve d iu rna l  modes, , One p lot r m ’ I - t ue ’ i  to

iii

l- ’ig. S. ( I  s l u t  flue f u n ction W p which weights  the heati ng rate in proportion 1 m m  ins respon se
iii the surfa ce pressure oscillation. Two components of pressure arise , one maxh ,i m,sing at
T-6 hours I T .  and one at T hu u ur s  L.T.. where T is the time at which the heating r . u lm ’
mnax imis cs (provided the pr oduct  u m t ’ and the I luu ugh funct ion  value I m i r  the healing r :n le is

positive , otherwise these are timunes of nu ininuum pressure ) : ( Righ t )  The product W pJ on a
rm lan iv e scale.

a component  m it  pressure whic h  uni axirnises  I or n u i n i u u m n s e s )  at ‘I -u> hours I .T, it

the product of W~ a nd t h e  l l o t u g l u  t u u n c i i  in value is p u u c u t l v e  I m u r  ne ” ative , and
the  o ther  re l : m l  es It ) ,i com ponemmt mm li c l i  m - m u r r e s p u m i u d  ing ly u u m , m  x n i t  us es or nminim ns es
at ‘I hu m o r s . ‘l ’he a c t u a l  p r e m m i r m ’ v a r i a t i on  is I lie s u i u u n  m u t  11mm - se u w u u  componen t s .
E rm im time p lu i t  s m d W~ J the  cu - u m u n p m u n e n t  cut  p re ssu nu  s’ n i a x u n m u s i n g  m i t  mm n m nm n_sm ng ( at
T-ô h uu i r s  wu - : i l m l  he rcm km m e - i’m ! m m t h e  p m u s t t  ivm ’ :m r m ’, n m m - i m m c m i i  t he  curve and t h e
v e r t i c a l  ~n x us . -‘us  this  area is nu u ch  greater  I h an I h a t  tu  ur  t h e  I ho t i r  corn ponem u t

_ _ _ _  —-
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the ( 1 , 1) mode of surface pressure shiru t i ld  therefore max i rn u s e  ( or  mini m ise)
close to T-6 hours , i.e. to 6 hour s L,T . on tak ing  I t o  he 12 noon ,  ‘I his result
agrees well with the obse rved value of 5, 1 hours 1. I - ( ‘[a b le  2 )  in vus -a of the
various assumptions involved .

Fro m Fig, 5 , it is seen that the t r m t p u m s p t uu. ’ru c heating con t r ibu t ion  t u  the ( I , 1 )
mod e of surface pressure is much greater than the stratospheric contr ibut ion .

m for which positive and negati ve contributions from different levels tend to
cancel , The cancelling out of the stn -atospheri c contr ibution us even  nmore effect-
ive with higher-orde r modes as shown in b ig . 6 , and cancelling out also occur s
in the troposphere for the ( l ,3 and higher mno des , As the  m a x i m u m  weight is

k u-r ,, ‘m M u , - m
SC ‘mu m tm c

j i m  m u

-, -i -
~

~
0L

4 5

4

t

Fig. 6. Plots of W pJ for the component of surface pressure maxim ising (or minimising ) at
T-6 hours L.T. (Pos itive diurnal modes),

given to heating near the surface , any variation in the low-a l t i tude  tai l  of tropos-
pheric hea t i n g can be expected to produce a relatively large response in the sur-
face pressure ,

For negativ e diurnal  modes , the T-6 hour weighted heat ing  rate  W~ J is shown
in Fig. 7 , (the T hour component bein g zero for t rapped modes ), In a11 cases
there is increased weighting of the  low-alti tude heating with  pract ica l ly  no
contribution from the st ratosp here. The ( 1 , - I t  mode is e \ c e p t u c m n a !  hav ing  a
corresponding pressure m exim unm at  T + 6  hours I T .  due apparen t ly  to t m

equivalent depth being pos)t ive whereas for the  other negat i ve modes equivalent
depths are negative (Table I ) .  If the numer ica l value of the  h lo ugh func t ion  com-
ponent of the heating ra te  is negati ve , ti mes ml hea t ing  and p re ss m n re  maxima are
shifted by 1 2 hours . On tak ing  T to he 12 noon . good agr eement is obtained
with the observed values in l’ah l e  2 for the ( I . - 2 )  m ode , n . e. 6 hours  compared
with 5 . 4 hours LI ,  On taking -r lo be 12 m idnight  ( corresponding to  a negative
Hough f unction value ) good agreement is i ls m u obta ined l’u u r  t he  t I . -4 ( and ( 1 . -6 )
modes , i .e. 18 hours compared w i t h  17 , 1 hours I I. ( l ust ’ comparisons ire  not
howeve r obtained for the a symmetr ic  modes. I h i s  uuu , n ~ he due  to  their smaller
amp litudes and the m’ f f c ’cl of their greater seasonal v a r i a h i l u t s  on the accurac y m i t

an annua l  ave rage.
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Fig. 7. Plots of WpJ for negative diurnal modes. There is only one component of surface
pressu re which maxim ises (Or min imises) at the times shown (for positive or negative Hough
function values of the heating rate ) .

Of the heating processes A , B and C. higher-order modes would be expected
to be excited particularly by C, and possibly by B , due to variations between
land and sea areas. The diurnal surface pressure oscillation should therefore
reflect land-sea distributions through the gr eater weig hting of higher-order
thermal excitations at low levels. The global dis t r ibut ion of the diurnal  surface
pressure oscillation was first evaluated as recently as 1965 ( 7 , I I ]  due to its
detailed depende nce on lat i tude and longitude , and the results do indeed reflect
the dist ribution of oceans and continents .

Figure 8 shows weighted heating rates Wp J for the first six semidiu rnal modes ,
Only one compo nent arises with the ( 2 , 2 )  mode corresponding to a maximisat ion
of surface pressure at 1-3 hours LI. On tak ing  T to he 1 2 noon . m a x i m u m
pressu re for the (2 , 2) mode would then occu r at 9 hours L.T , In comparison the
observed maximum occurs at 9 , 7 hours V T .  (Table 2 ) . Surface friction would
act in the required sense to delay the m a x i m u m :  on the other hand the dis-
crepancy would disappear n f l  were taken to he 1 2 . 7 hours L ,T , instead of
12 noon. A characteristic feature of the (2 , 2 )  mode is the important contribu-
tion to surface pressure from stratosp heric heating, which by these calco l a l ions
amounts to 2/ 3 of the to ta l  con t r ibu t ion ,  For higher-order modes the cl r a t m u s -
phe ric contribution is much reduced due to self-cancelling contr ibut ions . . I-or
the (2 , 7) mode , profiles become almost ident ical  wi th  those of the  ( I , 1 ( a s  the
( 2 . 7) equivalent depth (0. 706 k m )  lies ve ry close to  tha t  m mf t he  1 . I )  (0 . 691 k m ) ,
Since all modes higher than the ( 2 . 2 )  are of the os cihl a ( ory propagating type
the re is a second component of pre cs uure  which maximi s es (or m in im n se s ) nt  I
hours LI .  The results in Fig. S sh ow tha t  th is  component is small compared
with the T-3 hour component and hence hig her-order modes should st i l l  he
app roximately in phase (or 6 hours out  of phase ) wi th  I Ime I 2, 2 ( . T h e  m mhs er va .
t iona l  values i n ‘rahl e 2 confirm th is  predict  ion for I he ( 2 , 4 t and  I 2 , 6)  u u u u m i t e s ,

- t hut not for the asymmet r i c  ( 2 . 3) ansI ( 2 , S I  modes whu ch are again smaller  mm
a mpli tude and subje ct to greater seasonal var iabi l i ty .
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1- 1 g. ‘c . Plots mit ’ V4 mit  semidiurnal modes, There are two components except for the (2 , 2)
mode which iii ,u .su ini-ue or minimise at the times shown (for positive or negative producis of

and uhe I l ough fun d  ion value of the heating rate ) .

‘m s wi th  the diurnal  modes , the gr eatest weight is given to heating near the
‘ i u i r ( . u c e  t i u r  p r oduc ing  a semi-diurnal  surface pressure response. Nevertheless . the
case - mr a correlation between surface pressur e amp litudes and the dis tr ibut ion
m u l  land an d sea a re a s  does not follow for the semi-diurnal  component as it does
for the d iu rna l . because the m ain contr ibutor  to the surface pressure is stratos-
pherie heat ing through the  ( 2 , 2 )  mode ) which is rem ote from topog r aphica l

• m - ( t m ’~ t s ,

4 R E L A T I V I  CONTRIBUTIONS TO ATMOSPHERIC TIDAL OSC I LLA-
TIONS -~‘r A GIVEN HEIGHT FROM HEATING AT LOWER LEVELS

R e f e r e n c e  s c u m  made in Section I t o  t h e  use of rc uc k e t  t echn iques  for observing
t ida l  w u n d s  u n i t  t enn m pcra tu re s  in t h e  stratosphere and mesosphere. In the upper
u ui m ’ s m u s p hut ’ u ’ c. t i d a l  w inds  may be derived from ground-based observat ions by the
r m ’ c l m . ’ m - r - r , m c j . u r  sui t] other radio techni qu ies . I n all  cases , a s ignif icant  part of time
Ol ms m ’r vm ’c f m u s c i l l . t l  ion can he expected to arise from thermal  excitat ion at lower a

ese ls . In nhi s mm ci m n  the relative con t r ihu t iomms of the hea t ing  at d i f fe rent  lower
levels  t o  the I t haI  m m s c i l l : n l  ion nt a given heig ht are presented for v :nri ou s nmod es
a n d  t h e  i i t t  nm - r a t e  prof i le  in I i_i 4 ,

It ( m u t t u u w s  f r o m  the  l inear  n a t u r e  of the class ea l t heory  tha t  t h e  osci l lat ion at
,u u um given heig ht niay he regarded , nm ,u superposition of cc iu u l r i hu t ion s  arising
f rom d i f f e r e n t  levels of h ea t ing .  F ummct i omms  W1 have been calculated which for a
m-.u v en  mode mm m- i g t iu  the  hea t ing  r : muc  in proport ion to i t s  cont r ibut ion  t o  the  t idal

d l i i  t ue - s u t  .n given hig her level .  Graphs of W 1’J ar L ‘sen led w l mneh  u i u ,n ~ he
m ’ ( ! . m u c f m ’ ut  .15 m m m u n t u i s ’ u u i -,’ u u t _ u r ~ 1 m m  I tumuse  in t he  p r c v i m u u u ’ ~ s e m I  ucu u u of \k’~ J which

s t i m m m ~m,’ct nbc  r e l a t u v e  ~ mm i i i i  m c i i  i m m i u s  1 m m  t h e  s u n r f , u c -e pr m ’ssure mm im c ’ u h l . i t  t i m e -  f rom Imeating
a) m i t t  t e r m - n I  levels , t h e  net c o n t r i b u t i o n  f r o m  any selected f u e u g ht  r: nui g e of l meatnmm g
h i -m ug p r mu por t  ii u e - ,m I 1 m m  t he  ,i r i - n bet ween the  curv e and the  vert i c , m t a s u m  m u I he
g r ,mph ,  In  I - t m - s . ‘I I u u  I I , i he  net  c o n t r i b u t i o n  fronu any  selected heig h t range m i t

“ii,,
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heating to the tidal oscillation at a given higher level  is again proport ional to
the area between the curve and the vertical axis of the graph ,

If we take the given level of observation at 80 km or above , h - i C  0 s h i o s c m  t h a t
contributio ns from stratospheric heating will tend to cancel out l m u r  ihe  n I I
mode and that  the cancellation becomnes even more se s eue  f o r  high-order modes .

-
,

- S I

Fig . 9. Plots of WTJ for positive diurnal mode- - schcre ‘m~ 1 us nI n e func t i on  Sc I me h is euc t u s
the heati ng rate in proportion to ils response in the tidal t m c k t ~ a t  a g iven hi gher leveL

On the other hand for several low-order modes i i u e ~c a re i t u m ; m m m m j m l l c i  m m contr m h > ti -
tions which suffer lit t le self—cancell ation , 1-or cx t i n  p Is’ time main c u e - l u  ihu l  m i i i  ui t

the (I . 2 )  nmode is from the t roposp lmere sc -he re  l ine  l i , m x u z n u u n u u  w e i g h t i n g  is at
6 km and t h e  product  of weight ing  and  lue.i I m u g  u . n 1 s ’ n i _ t x u uc  mi’s SI 4 k i n  as s t - e l i

in Fig , 9. The corresponding values  for the  ( I . 3 )  m m m i i i ’ n r c ’ 4 k m n u  . n u u m l  3 k i n  an d
for the (1 ,4) mode are 3 km antI 2 km Uo the  u i e . n m m - m i  I mu ul  I ,

In c u u n t r :n s l  - 1- ug , 10 s h n u w s  t h a t  if u is ’g,u m c  no des  mu cu e  observed j i  s c m  k n u  n u t
above the i r  e x c i t a t i o n  woun l d  he f r o m  m l i i i  m m j m t u m . i i m  t u c , m l i u i n i . w h i clu t n t  11mm ’ t m m i ’.

order modes extends mc ’ , er a v ery wide heig h t r , n u u g e  I i m m e - u  I ni I s c ’  ‘cc I
both stratosp heruc  and t r m u p m u s p t u e r m c  cs~ i t m i  u - il 55 ‘ m i l d  ni gi ’ uu c ’r .i I gu s t - r i s e  1,

semi—diurnal  t ida l  t u e i m h s  at  ~i (I k n u  , n u u m (  . n h m u s e  I - c i  t ue  m m m c  - m m mR’ i n i n i m l e ’ - i l i u ’
s tratosp heric cont r ihu t ion i  is the gr eater , h u t  1 m m  t h e  i 2 .  - m t h e  s i l i l l  L -  ‘ lu . is
reverse d and the u u m m p m m s p t c m ’u co n t rnbt i t n o n  h i m  ( m m - c  m i l e - i’ s l i m - t i l l s  g uc . n l c ’u \ m - .m u n
the ( 2 . 7 )  and ( I . I t  profile s .ire si u ruu l , n u  due no ii .u t ’ p i  , m m i u u i . n i e  c q i n . i I i l ~ m m !

Iheur  equiva len t  depths .

5. DISCUSSION A N D  ( ‘ONCLUSIONS

l l i s l m m t u m  , u I I ~ t h e  m u l ( m l c ’ m I m t  a t n i u u s p h e r u c  t ides  h.is (‘m m . m n ~’e r n c i f  w m t ( ;  u f t e  u l u l s ’t-

p r e t a t i o f l  i f m ,i r m m n i m ’ I r u ~ n u sn ,’ i l I , n u u m -  m i ’ \ ,  ‘ u ’ , l  u s  t h e  ‘s i n u i  n u t  ‘ml mn li t im ’~Cn i ~ e.m u ’
t h e  s i u h i e  I t u .n s  m m - i  m u l e - i’ u n i t ’ m > t  ren es~esl t n i l e r m ’mT l ii’  m m i g t ~ h u e  u n h s c r ’ , , n t i , , r t  m l

t i m - l i t ’  h~ 1 m m  k i t  an d  r i c h  t t ’ c h i n i q u m ’’ m i m i  wide t.i1i4!L ’S m t  t t c ’ in ’ t u i  I hi,,’ ( m m ’ ’ ..

t n u n , i t  r e sm i l l s  s l u m m w  m t i ’ i , u u l ed .int t  m m u i l l u I , , m i m  m (  c ,i u u , ’ i i m m u u m  m m !  r i n e i c ’m m r m h u > g i c . m ~ e i e u i u m ’ u u u s

_  _ _  _ _ _ _ _ _  ‘~~~~~~~~~ _
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Fig. 11 . Plots of W1J for semidiurnal modes.

with l a t i tude  and heigh t , and the  need is apparent  for an analytica l method of
description. Classica l t ida l  theory offer s such a descr ipt ion in te rms of indepen-
dently propagating modes provided it s  app lication is val id.  At 90 km . d iss ipa t ion
pru u cesses and  possible non- h inear i t ies  a re likely l u m become significant effects , hu t
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below this height the theory m a y  provide at  least a first -order descri ption of
practical  value ,

The calculation of Hough funct ion  solutions of Lap lace ’s t idal  equat ion has
been reviewed elsewhere 131 and the intention here has been to show the results
grap hically for the solar di urnal and semidiurnal frequencies and the first few
modes . The next step would be to expand the l a t i t ud ina l  dis t r ibut ion of the
diabatic heating rate  as a series of Hougli funct ions and thereby  q u a n t i f y  t h e
the rmal exci ta t ion of each mode , In this account , we have been connent  to note
the similarity or dissimilarity between the expected la t i tudinal  heat ing distribu-
tion and the Hough func t ions , and to inc lude  the asymmetr ic  funct ions as the se
have previously been given less a t i e u i t i o n  than the symmetr ic  ones .

Although ca lcula t ions  have previously been under t aken  of the  surface pres sure
oscillation arising from tropospheric and stratosp heric heat  in i g.  t he  re la t i s e
contributions from dif ferent  levels of ’ hea t ing  have been lost in the final result .
In Sectio n 3 , an a t t e n u p t  is made to renu i e dy  this  s i t ua t i on  and the results are
shown in Figs . 6 to  5 . The c mm ntr ihut ion  m t s t ra tosp heric heat ing  to the semi-
diurnal surface pressure tm sci l lation throu ”h the ( 2 , 2) nmode is apparent  in Fig. 8.
Any at tempt to derive p ressure n i . u g u u i t u d e s  is i ’ mm regon e by working in terms of
relat ive q u a n t i t i e s . N e v e r t h e l e s s , t h e  r e s u l t s  y ue l d 11mm - phase of the surface pres-
sure oscillation for any nmode , cx  p r s ’ m m m ’ m i by the  local t ime at which pr e s sc u re
maximises , and  comparison s between these phase -  and those derived observa-
t iona lhy are str ikingly good for both d iu rna l  amid semi d iurna l  symmet r i c  niodes
in view 0f the various a ssunmptions involved .

‘th e  investigation presented in section 4 has been motivated by recent exten -
sions of t idal  observations to greater heights. . The r cs u i l t s  ( F i gs . 9 to h i )  have
been discussed for a level cut  observation at 80 or sm km . and it is pointed out
that for certain d iu rna l  modes , namely  the ( I , 2)11 . 3 1  .u n m i  ( 1 , 4 ) , the main part
of the  observed oscillation would relate to troposp h eric h eal m u g  ss-ith levels of
maximum excitation at approximately 4 . 3 and 2 knm respect ivel y , From these
remarks and fronm F i g m , 9 and I I  in general , t ida l  t i c l d s  at 80 km are l ike l  to he
significantly dependent on thermal exci ta t ions  w i t h i n  the  lowest few kni ts  ut the
atmosphere.

Fin ally it should be noted that  the results presented in sec t i m iu l s 3 and 4 are
depe ndent on the heating rate profile in Fig, 4 . Ac f a r  as th is  i s i v p ica l of t h e
height variation of the the rmal  exc i t a t ion  of a given mod e , the results shsould
usefully i l lus t ra te  the t ida l  resp mm ns e .
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I - IN TR O [)h . ( T I O N  -t m e  p r c m u . c c i  p aper  u s i m m i l C e l  ned mu n I h  t i r t h e r  e s _ t i n _ c l m i l l s

I N  ‘u 1) 1’ 1 ‘sI  L F I )  I’ \ A L t  - \ ‘f lO’s’ 01’ d i c m r u s a l  i i c l c ~ h m - l ow c u t  up su a rd c’n m - i g~ t 3 u x e s  p r o p a g a l e i l  h~ d i u r n a l  c m s ~ c l l , u 1 i c e - t m ,

e - i , c m m u c ,m I i i d .u I t h e i rs ‘ m e : n c  appl ied  to  t h e  , u i t i c m i s l m t l e r l c  t ’ c e i , . n
I O U  knm , L m n d  zen I ca lc t i l a t e d  t h e  f lux  of m’ n e r m - s  ‘c linch - 

.

- ‘ ‘ , - t i m m t i i  t I m e  m c u r t . u ~~ i’ t i c  50 L : t t  mu- lucre i l u x e s  are m- m a l i i , i t m - d  hs
p r o p a m - _ u t e s  cit iss c u r d s  above - N k m .  flue assumed upper l im i t  . . - - 

-

-  t h e  l o r u t i c n l a  m - u s e i c  by  \ S i i m m  ‘~ . ( . i l c L l l _ t u i m i n m  arm - t inder-
m t ( t i c ’ r u.’ m - i m i n  ot u i / m i r e  h e a t i n g, I tu e t l u x  a r i ses  I r o n u  p o c u l t s c ’ ‘ 
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I ig . 3. .‘s u u u p l u t u m m l c ’s i i and i n  m i t  the ( 1 , 11 a nd ( 1.3 ( ni ches c c i ’ heal ing per u n i t  ma ss of ’ zun m m ns pher c’ due n m  ozone . m l u s u m r p t  ion. The dm 0tc d c’m ur v ni
u.s t m , r  o c t  i mhc ’r r ;n m l ct t iv e— p hm u l m uch e nu cal equ i l ihr iu nI tic’ m mci 41 m kut u - ‘rlue d;u cIt e d cum rm’ m- is u.n k en I ruuutu I mg. 2.

ce -u sc ’! 4 0 ’S  t i c  40) N I a t i l u c l m -  mu - cr c lh t ’r e fmir e  ex u r a p o l a t e d  to t ion wcn s t h e n  m e - I he  m i d d l e  cf ;u ~ ’ of ’ i ’. mc ’ tm c m l  l i me t o u r
5~~’S and ~5~ \ l a l i t u i d e . and Ih e  m n t e g r , n l  was eva lu a le d  m i m e r  m o n t h s  an d  a i c m ~ ’ t m m r  s i am included to al l o su for  uh e  chang e
Ihis  range m c I  l a n i t u d e . - ‘ m e - t i t her a p l i r u u \ u u t i a l n m i n  ut thc ’ m’s- , n l u a— m m ) S e - i c — I  m n  Ii d i s t , u t c c ’ m’ , ‘i b m ’ r t ’ s u u l l s  a r c ’ l i e - u  c m u n s p t c ’ii ou sl ~
lion c m i  ( I )  has  hem -n In  rc ’p l c t m ’ i ’ c ( I , , U , m:m t h ’~ u i s l o n g i t u m h i n u m l  u t u t t c u c c c t  f u r  J u m n u u a r ~’ . \ p r u l  and ( ) c t m u t m m - i . hu t  lomu m ’u J~
as-erag e l u l l in the  ev a l ua l i cun  ot l i e - I  - The e r r u u r  i n t r o d i u c c ’cl s a l e - e s  a rc’ o h t a i nc’d i n J m i l ~ a n al l  i c u - u m i h i t s  f u r n 1 a i i m 1  at
by thus  reversa l of t he  order m u  c tv c - r . l g m ng u h e p e n m t s m  ci i  t he  u . e r l a in  he igh im ( or  n 3,  1 lie clashed cu r se s  in I ig .  2 sh e’s;
‘ . . i c i , l t l o f l  m l q mu - i t h  I u m n g i l u d e  and mu c us c’m t n u u u a t e c l  t u m  a mm lou i u i  t he  s a l u t e s  uisc ’nt by I im i d mi en  I I I r i d  m u - hictu  I he  present
i m m  t h e  order m u f  l’7 . mcn lue ~ u h j t tc ’r c c . i t k c l I ~ ,n h ov c ’ l i t  k m  clue I u u  t h u m -  r u i q u i n r e u n i e n l

I l gu rc-  2 sliu mis the results obtained fro iim I q . l i t  f o r  f o r  u i i m i c s t l t r e  m - o n t c’n t -c h u m  Ic u i c i t m i  1 t t c i \ u t c g  i , m i t u m  oh 2 ,5 s. t O ’”
( n  = I and 31 , In c a l c u l a t i r u e these rn t su i l l s  s o l c m r  m l c ’ c’ I ina -  at I h ue  100 r e -bar  I c ’sc ’ l ,  ‘u t  h c’u g l u l s  he losu 10 km Ihe i ’ ,m r l ie t
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‘ I values agree well wi th  th e  Ju ly  i n rc’sul ts bu t  arm - lower than  reccugnised h~ B u l t c ’r and S m a l l  I 10 1 when c a l c u l a t i n g
those f o r  the  oth er uu ionth s :  for  J 3 there  is good agre er ume nt  oscil lations m i t  s u t t u n c e  pressure , I h c ’\ .n i t r i h u t e d  the  d i f t ’-
him - low 10 kn u . erence to the  shorter s c ’ r t m c a l su a scc l e n g t h  of the I I I ) r uu ode

(in cm , u m i i p a r i s u c d i  si u th  t l i:a t oh Il i e I 2 ,2 1 ne-ode u , u he mu tm c- l ength
3. HEATING DUE TO OZONE ABSORPTION e-f aho u t  2 ’s km being less than the height range mis er  mu h i m -h

absorption by ozone us appreciable . I he sanue process of
For the s t ra tosphere  and mesosphere the  e qu m n u ox  h e a t i m u g  se l t -ca ne e l l a t ionu also re sultu c in a reduced upward  p: ’ mcpa gat-
model devised by Lind ’,.en I I I to fit  t he  radiat ive-photo-  ing w avc’ I I I I .
chemuca l  mm m ode l of ’ Leovy 17 1 has been adopted and mo di- If  J ( z t  is the  non -a d iah , min ic  h e a t i n g  r a n e  per un i t  mass c u t
tied . Departures  fr o nt s  radia t ive -pt u o t o ch enuu ica l  e q u i l i b r i u m a tmosphere  at h e m g h l  , tar  a g u s c i c  mode then a t u d a h
occur at the lomu c’r heights  as ozone l i t e t i n u e s  muic ’rc ’asm - and response weigh t ing  f u n c t i o n  \‘u l ’~ zi  ma % be inu rc iduc e d such
a tmospher ic  inuot m on becon u es anu increas ingly  e f f e c t i v e  tha t  W’j ’( z t i ( z ) d z  is p ropor t ional  u _ c the  c o n t r i b u t m m m n  ironnm
t r .unspor t  rmmechan u sn i . Below 40 knm . the theore t i ca l  hea t ing  heat i ng in the in terva l  11 , z + d z )  to t ida l  f ie lds  at greater
rcmtm - s  hav e t h e r e f o r e  been redu ~ m-d to correspond w i t h  the  he ights  I I I I . ‘u’~’I I Z I  dep emuds on the g iven u u uo ui e and omm
lower observe d ozone c o ncen t ra tmmm uis  shown by P ark ar i d properties c u t  the basic at n u osphcre . no tab ly  the  p r u m l i l c  01’

London I .s J : t he  reduct ions  are to ~)Q’~ of theore t ica l  scale heig ht H . [‘ icr  the  I I . 1 t mode an d  a t~ mica l h o c
‘ values at 35 km and to 55’3 at 25 kn m (Fig.  3 ) .  la t i tude bas ic  atmosphere . ‘u’u T ( z l  has zeros at I . 2 1 . 33 . 4 5 .

A n o t h e r  e t l e c t  of t ranspor t  at lower heights  is t he  pro- 62 . 7~ , , , .  k m I I ’ ig .  4 I ‘[he ch ange of sign of ’ V. ‘ I t z t  on t’u~m ss ’
duc t i on  cut m i n i m u m  ozone conc entra l ions  at  t I ne equa tor  0mg Ih mrough cm / e r m n n meam m s  lie -u t heal  s m m c i r c e sj u st  above and
and n m a x u n n u n m  ones in the  regions i ,m f (t O ‘ N and S l a t i t u d e , below the  height c m i  ci zero .nrc ’ s e l l - cance l l ing  w i t h  respect to
where anmounts  nre  greatest  in sprung and least  m m  ear in  the generat ion m i t  m m s c ’ i h l a t i m i u i s  , m i g r m - anc’r hc’igh u n s ,  S e t t - c a u c c e l t a
a u t u u u u n . \o a l l ow unn ce has been nu ade fo r  t h u s  m - t t m - m,i a c  I fu e  t i On mm ill n c cc ’ i i r  p a r t i c ’ u h a r I ~’ w n n h  a h e i g h t  r ange  of l m e a u i n g
nnax inu a  are only present in t he  lower s t r a t c csp her e  (below t h a n  spahm s s e ve u , n t  ic~ r , m s  , a sit ua t ion  t h a t  is more l ike ly  t i c
25 k n u u t  and the i r  high la t i tude  locations results in sc m - ak diceur w i t h  h igher  o r d e r  mi md ’ e -s , m m the  / e rom are then closer
coupling m vith pos i tu m e  d iurna l  modes for w lm im t h  On te nths toge ther ,
rap i d ly  to  zero polewards of much- l a t i t udes  U ig. I I , R n c h u a -  V~ hen t h e  t ida l  rm - spi urcs c’ ~ e c c l c t ing I u n m c t i m ’. i c  ‘u’u I m c i  t h e
t ive -photochemic ah co n dmt ion s  nuay be d i s lu r h e d  , nt  m c thc ’r ( 1 . 1 I mode us appl ie d  1 m m  t h e  ( I t m t h e r  hea t ing  ra te  prof i le
heights at the tie -me ot s t ra tosp h er ic  w a r n u i e - g s . he -I  such in I 1g. 3 . t he  p r o d u c t  V. i i  is c m l m i c m i e - m - d  as m l c i m m u  n by tIme
disturbances mc i l l  he onu it te t h from presemu t  consid erat  iofls ,ms c m m i u t i n u c u i u s  curve mum I ug , 5 on aim .u rh i n ra r s  sca le ,  ‘1 1mm - nd
they are re la t ive l y  t r ans ien t  and coup lmng cc i t h  p i l e - i  m e  c o : i l r m t ’m u t  m m c c  t c u  t i d a l  t i c k ) ’  _ c t i m m ’ . ’ m -  5 ) )  h u m  t ’r onm an s  sc’le~ led

1 , n )  modes would agaun he weak . hi e ig l u l i n tc ’r s’aI of hea t ing  is Ibm - mm prc iport  u m m t i a l  i c c  t h e  a t c ’a
Va r i a t i ons  in hea t ing  rcutc - m d u r ing  the year  sc - ill  ar i se  h eu w e c’n tIme cur s e and thm - mc ’ r l n ca l  1 \ t m tim -er t h e  s e l e c I m -~1

par t ly  from changes in ozone concen t ra t ion  a u t h  pa r t ly  i roni heig h t e - m t t ’ n c , m l  l uu t he  mt r . n tum s p i m e r e  an d nmeso sp here mtum - re
changes in the  f lux  m i t  absorbable solar  rad ia t i on , Se , u s m c n , u I  ,ure two  11 u s d  u s c ’  ,n n d  two i cc ’g. mt is e mre , u s  w l mi eh  c’ m m i i m h i n e  t i c

tnni e— cros ssect ion s of St ratospheruc otone co r m e ee - t r a t  mo m are gim e .n c’ o u t s i t t c ’ u a h h s  r ed  l i cc ’ m l net comiurnh u tu on , whereas  f o r
reasonabl y wel l  established for a m u u n m h e r  of numid- l a t i t u de  I t u c ’ l r u i l ’ m m m m p fc c ’ r c ’ 11mm- are cu us a l uum osu  c’ mc t ir cls u l t  one sign ,
stations 1 4 1  - b un towards  lower I c u u i i u d e s  cc -berm - c o t u p t u i t m -  I rmm e - c  log. 5 n I us l ot te - c f  t h a t  the  net  c o n t r m h u n i n o m  I ’ r onm h u t ’
wi th  p o si ti vm - mod es is strongest there is an abse ncc ’ cm l  anu s  ‘ci r c i t  u spher e and mc’s m us pl m e re  is oh t h e  i u p p s m c u l e  sign I t t  t ha t
nuarked change w u t h  t u n e  tuf y ea r . ‘sc c’ u u i i t c t  has t h e r e fo re  of t he  I r m i p o s p h e r m -  an d  m c u t e - e l m  out  i S  - 

m m t  c i  Re t e re nc i ’
been taken only of c h a n g e s  in solar f l u x  d u r i n g  t h e  su ’ , ur  b u a s pres u c c t i s I ~c been n iu adm -  ic c the role or ’ t I me si l a t c m p . m u s c ’
( t h roug bn m’b i cn u i g c ’s i i i  solar c I m - c l i n u a t i m u n  a n d  St in —I ’ , u r tbu  rd’ g uu ’ m ui  cci hi c ’. n f m r u g  iii m m p p m i s d n g  l hu c ’ iu pmu , n m ’d p ropaga t ion  u i

dis tance ) , (‘a h c u l a tj o n  if t h e  cor responding  secm ct ’utia l t . u c t m m r s
for p a r t i c u l a r  h e-ug h f u n c t i o n  modes i n m m c l v e s  the  depe m id -
ence oI ozone c o n c e n u r c n t i o m n  on l a l i t u d e , I x cep l  at  lm i sc m - r  80 . 80 -

ml r c i t o s p h c ’r i c ’ h e igh t s  where  r c m d i c u t i v e - p h u m t  o c l menmuica l  11 .1 1
e q u i l i b r i u m  d u m e s  not  hol d , observed ozone cou c eent rau  l c m n s
appea r to  increase or decrease at h ig her  l a t i l u d e s  t t i r u m i e i l s
w i t h  r a d i a f i o n a l  fl u m es , -‘s i r  dee - s i t  es lend  to , m u l l u i w  u h e  km k m
sa m e t ree -u t  and the cm ;’ m i e - m - 1 u c - a i r  m i x i n g  ra t io . whi m - lu  is t h e  ‘ -

q u a n t i t y  r m - l e v u n t  to  l i t t a l  e x c I t a t i o n , c -n tIs  to Ic uc k any  )dis t in ct  l a n i t uc l i n , u l v c n r i a t i o n , T hu m - sc’ a s c u u i c m l  l a m - h  ors hua m m -
therefore  bet - n ecu Icula tect  on the  cuss ui m p t i on t h a t  0 /m i n i m -—to—
air m i x u n g  rat  m is are indep m -nc t eu i  t of hat it u th e . f u r l  h uc ’r o i ________________

l i s t ) i c , m t  cml i  be ing  provided b y tIne  r ap id  t I m - cr e as e  of t—
~e- to 4 6 8 10 —l 0 W 1 1

/er c i polewards imf me - id l a t i t u i h e s  (F ig .  I I , H km
Ozone h e a t i n g  rates c a l c t i l a t e h  for J a n t u c u r n  , , - \p r i h .  Ju ly  80 ‘ 80

and Oc’ t m u t m e r  cure sl im e - m n by the  con t inuous  cur ses  in Fi g, ,~, 11 . 2 )  1 1 , 3 1‘rhe clotted curv e is for t ) c t m u h t - r r a c h i a t i v e - p h o t o e h e t iu i c a l
e q u i h i b r i u n i  below 40 km an d ind ic ’a nm - s  the e s t e e - I  to  wh uich
the nu odel  h ,ms been ni o d i f ied  in the l i gh t  o u i lmse rv e d u i / m i n e  k m Km
cu ) n c e n l r l m l i i m u c s , I lie ( )c ’ i m u t i c ’r i e - tu rve  of [‘1g. 2 has hm - m - n
a d d e d  to I- cg . 3  m m  illti st tute the eomparumtive t’ t  t ec i m e n e s m
c m i  t h e  u / n i ne I t s er as an energy  absorber  per t i n i t  tncu s s of
. u t m u m s p h e r e , ( ) I her I .m ctor s are m e - v m u l v m - m t  h owever in compar— ‘

ung  Ihe  c~I i m - c t i v e t t m - s s  m u i  u b c mc m u  reg ions m u )  h e a t ing  in m- \ c ’ i I  i _______________mn g t i m I d misc ’ u l l , i t i o t t ’ u , 
— ,  o W1 — , 0 1

4 . SI -  LF - C - ’ u N ( ’ I -  ~j  , \Tf ( ) ~ OF P R O P A G A T I N G
~1Ol)} -S I ui. 4 . J ’ I u m t ’ c  mm t m i m u t n i  In c i glm n II . unn i t h u  m ’mc ur t ’m p ,n n s i i m m ~i t id a l  response

cs’e n glihi u uuu i i c f l c ’ t i m m f l s  Vt r t m n r  Ih e i l _ I ) . m l  , 2u  a n m f m l , tm m i u u , ’ u f c ’c , ‘m~ Il ’he re l c m i i m m ’ u n e f f c ’ c’ I t c m - u i e s s  tO ozone h e a t i n g  in  e \ c ’ i t i n g  c c m ’ t u ’ h i d m  t I l e l l e a u l h tmi i _ t i e  in p n m t l , m r I t u n  I , ’  Ih e rc’sp u us cc of l i d , m I
the ( I  - I I mode ( i n  c’o m p a r i s m t n  mu jI b n l i e  ( 2 , 2 )  mode )  sc , ns s li t s  I I  mc u e , i l c r hc m c’ I c t m  and mm p lc th lcc t  c m i  ui . t t b i u u , t m s  scale,
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I ig. 7 , The g lobal average mcI  mip cu’ ard energy flux I u of nh e ) I .1 I
mode at scm knu cc th e - u t  thissi pa uion .

I- i~t , 5. The cu-eighted healing rate WT J for the 1 I , t I mode on an
‘ arbitrary scale.

0 4
t he t rop o spherica l ly  generated ( I . 1 ( mode . eve n to the  ~~3
ex ten t  of a 75~~ cancel la t ion I I 2 I . This higher percentage mW/rn 2
cancel la t ion corresponds to ozone hea t ing  based on radia-  

~ 2t ive -p hotochemiea l  equi l ibr ium below 40 km ( t h e  do t ted
curv e in Fig. 3) and the dotted curve in Fig. S shows how
the greater canc el i a t ion would arise . The lower percentage
cancellation now obta ined ) 3 5 m ’  ) is considered to be a uu ,ore o-o ~ ‘ I ~ i
realistic es t in u mate .  Oct Jan Apr Jul Oct Jan

Vt’ hen the t i d a l  response wei ght ing  fu u ic l i o n  W T f c r  t h e
( 1 ,3) mode is l ikewise  applied to ihe October heat ing  rate . —

- ‘ - . - . I ni, (0 . T h e  uil o f’u zn l cu s ce-aide c m i  upic ard eneri,’c flux I m ’I i bm - ( 1 . 3profile the product  VS T J shown in Fig , b u s  obtamn e d ,  In this  ‘ - - - - -

- ‘ - mode at ((0 km w n n h o u l  ml ms m~m ,mi mm mu m -case the positive and negative areas of t h e  slratosphere and
mesosphere alu u mo st conmpletehy cancel each other  out and
tuda l  fields at 80 k m  are e f f ec t ive ly  generated by tropos- c o u n t e r b a l a n c e d  h~ nhe sho r t e r  Su e -u - I  a r t l i  d i s t , o i c c  -

phernc hea t ing  aloe - c , J c nnuarv  v , n l u c ’ m f o r  I ’ h m - c u c g  m u e - l~ n u na rg inah l v  less I lman t h i m m s m ’

km tor , \ pri l  and t le - t m u l ’ e i
80 — The rc’su l i c  in I gm . 7 a n mch ~ c h u t  I t ’ d  l i m e - i l  t t i u i s c ’ pre s’ i cu t i s l ~

~~ 11 , 3 1 ca lcu la ted f o r  e q u u i c c m \  c’ m m t m d u h i u m i m s  I I ui tsi’m m  r e spec t s

~~~~~~~~~~~ i the t u v c n t u c ’s in l iii , ‘T a rt - u n Iv  a l i c e -ni  m m n c - —l fmurd t h e
p r e v i c u u s  v a lues  amid i n n ) t h e  I- ,~ s’ a l t i es I I ig. S I are couuupar-
able sc ilhn I 1 ci 7 )  w f m e r c - , m s m r c ’ s i m m i u s l s  I I 1 , T hesm -

______________ - 
d i i t m - r e u i c’es Imave been inves t iga ted  hs rep l aci r m g the bas ic
a t n i o s p h m e r i c  s m - c n l e  h e ig h u l  (F i g ,  4 )  hs I I  = 7 , oul he -i , t h e v c u l u e
ad opted tire s c u e - s l y  1 I - cinch es-altiating t h e  c ’ m c r n e s t m u m n ct l O u t
p rof i les  01 ‘u~ ~ 

a n d  W’1’J s m i t h  J d’ q m l a l  to  t h e  previciushy

> 
ad opted (1 .1 ) mode hi m - at ing ra tes  i t t u e  dashed curve in

I~~~~~~~~~~~ 

Fi g. 2 ) . ‘1 Sc- mi p t i s i t i s m -  a n d  I su’o nega tus ’ e  curea c arc’ obta ined on
- I t h e Vt ‘Ii graph at s t r a t o s p h e r i c  cinch nmesospheric h e c u t t u i s  as

—1 0 WT J I in F ig .  5. bu t  t h e i r  net  conu l rib oil ion is found 1cm s l i g h t l y
cmu ugn i enh  I he a r m - a l  c’ ui te - rihut ion (‘cur  t h e  I r c u pc i sp h ie rm -  m om - a c t

- ‘ . . - of c u i h u r a c t i i m g  f r onu c i t ,  hum add i t ion  lIme Iropos p h ier ic ’ cti e - —b ig. 6. The wem gtu u ed h eal ing  ra h e W TJ for  l Im e ( 1 . 31 mmm dc on an
a rb i t r a ry  scale l r i h u t i m .un is g rea te r  I b nan in I lie presenut cahesula l i m m u l s  a’ un tu ch

- high er  m v cu I c ’ r vapour  hum - a t  ing  r u t  c’s icc - n m ’ ad opte d I mr I h ic ’
u p p e r  I rop im sp hi erm - as s l i u m s m  um in b i g ,  2.  I ) i f  i c - n m - n c  c’s h et su -een

5 UP%SARD E N E R G Y  F L U X E S  AT 8 0 K M  Ih e pr ece e- I  and e c u r l m e r  s a l t i e s  t if I u nuu ay th eret ’u m r e lie s , m i u s -
f a c t m m r u l s  accotnntec l  h m i r  by  t h e rc ’s - i s u m m u m s  t h a t  lucn s’ c’ h e eum

I c r  the  h e a t i n g  rates J i and  J ,1 in F m g s . 2 antI 3 , t he ups ; cnrd u n c l e mit h c t s i c  au u m u o sph m - r i e  sm - c ul t ’ h eigh l  am i d wa le r  V c t 1 m i i l u r
t lu -<cs of energ y at  80 kin has ’e h em - n c c u l v i i l , m t m m l  by  eI . i s sm c .u l  lud - ,u u i n g  r a l c ,
t ida l  t heory I I  I .  The results  o h t a i u i m - d  f u m r  the  global  u s e r -  In the case cmi the I I .3) nm u i chc ’, n hm - p r e v m m m t i s  relal use srtuall -
ages of these  f l uxes  I u F 1 are sh uu im m n un I - gm . 7 antI s nc ’ss cml I Ju l u arises p a r n l y  l d m m c c c  t Ime larger v c n l u i c ’ ohh . t incd

I t i c ’ n e - m i s t  no t iceab le  f e a t u r e  u m i  s-aria u ioe - h i r i ng  ( hue  \ c ’, m i  f o r  I cinch p c u r t l s  i ’ ro n m I -~ u i sm - lf h m eium g smal ler  In th e
m the  lower values m m f  I’ ant I  I in Ju ly .  ‘1 l i m - sm - Ic ism -er values l i rm - semu n c’ . i l c t i l a t i cu ns  I lie m i s t c m ’ arc’al con t r i bu t ion  t ic - t m ;  i’m - n

are .n d u r c ’cu m ’ i c s m - c~ c i t - n ec  m i t  the  lower J u lv s m  I tues  m m )
’ J i i nch I t )  antI  k iii on I lie Vt I i gra ph (I ig Ii) mtmv c ’s rise to  only  a

J , s t u c u m u nu in t ips . an t I  3. I n the  st r a t o s p h er e .mct Odd - s u m s -  su e - a l l  s t i h t r c , c l i u c r m  f ru m umi  the nia in  l d m m l m m m s r l l c . n l c  c’m’mu m l r i h t i l i i ’mfl

ph e rm -  ) b u n t  3m t h e  redu c t ion  is chine m m  the  t , m c  I i r s  , m s s u m c ’ u , m i  Cml between 0 and 10 kuit c mu hi c ’ t m ’.m s mc ’ u I h I I  7 i - I  km . t h e zero
w i t h  the  greater S u n — I - ,u r l h  i t i s t c u u i e e  a tm i f  m ui l a r  c h e c l i n a h i o t u  m m )  W 1 is lunu’e rec l f ront  10 to ( m  I sl e-  and gr ecntc ’r c m m u t c ’c’ ll a t i o fl
fl J u l y ,  In t he  I r oposphere  U - ic ’ , 2 )  t i me rec hd i c  I mon ar ises  uu e c ’ u n r c  he lm s  em - n  the nega t ive  , m t  c’,m Ironim 0 m m  ( u  k in  ,l flch

p u l l s ’  t’ r oni I b m -sc I , m c u m mrs  .m ~ d p a r f l ’,’ f r t iuum h Ilt ’ g l u i h a l  n t i s ’  p o s u t i m c - m r / c t ue - c (u hum I I hue-. I him .’ ch c ’tc unlec t rm ’lm Tm ’sc’nh. m lu n uum S

p la d - d ’nu i m’n f  u i f  mc , t i c ’t  V , t p m m i u l  11 0 m m  the  m io r l h c ’rn hc ’ i u u m s p h e i c ’ . of I I  mt I ru m r i m s p hdc ’d mc ’ l m m - i g h i l s  t l u t ’r m - h m n r e  m i g d d i t c c ’ _ u n t t ~ ,t t t t ’ c’ tS

t h e  h a l t c ’r c t  i c e - i  be ing  r e s p i c n s i h l e  for l i l t ’ g t c ’, m t c r  par t  uit  n h i m -  I h u c ’ c’ c n l c .’t i l a h i u m n m  ut  I ; -  I ’ h u i s  cs n m m m t  11mm ’ c ,msc ’ .m ’ s t r c m u m u s p hc -ric-
rc’u l i u c - t i m n n  in t h e  uu i i d d l e  t r i m p m m s p i cc ’rm ’ In  Jan i ce-s t h c ’rs ’ 5 .t , n t l m l  b h u m ’s c m s p h d u ’t  i t  b ite - g luts  as c’ c u _ ’ i I a I  ion i i i  I bc I 1 . 3 )  nio dd’ bs
m e r i d i o n a l  m l i m p lac ’ e m uie nf  m i t  m u a l d - r c c t l- t i t i r m d l ’ t h e  s o m u t t c m ’ rn  u i / m i n e  I m c ’ , u i  m u g is sou l ’ i ec t  lo  c’ t ) f l S d i t c’ t , t b l d ’ 5 d ’ I t - c , i l h  d’Ilii t si ll mu t t ’
hiemnnsphim - r i ’ hun t  t h e  m ’ i t m ’ c I n i f  this ip i l ’,m r c I n c  imm ’ l , u r e m - h ~ I n n  h id’ g rm ’ . t t  dc ’p th  of t he  r m — g l u i t d  m t  l i c ’.j l uic 5 ’ i l l  u . m m t i i t i ,m r c s u i n

~~~ j J I ! T u ~~~’i- ’- rui ’-ncj t ’~~~~ ’ ~~, -‘ ‘~~ ‘ ‘ ‘ ‘ ‘ . ~~~~~~ ‘ ‘ ‘~~~‘~~‘ ~~~~ “ ‘
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mu - u t  h t im e I”- I 2 h e-u ( wavele ngn h 01’ i h u m s  numode  i r re sp ecu mm e ph i l m m~’ t i m - i u i i c c a l e q u i h i h r i u m m n  indicated by ohsers’ . u i i m m u i
u m f  I h ue deta i l n i ch r e p r e sen ta t i o mu ci t hm .us me - c m l  i u m m u s i c h c r m c  scale I I ’ 1g. 3 ( ‘1 h ue ado pted v a r i a t  0mm ot m m / m i n e  h ea t ing  du r m nug the
height . sc ’,m r r e l a t e s  tci changes  in S i n e - - E a r t h  d i s t an c e  and sc il cn r

d e c l i m ma t i c m n . whe reas t h a t  of scaler  m c m p m  m i i i h i m - al tug i’ add u ’

6. DISSIPATION OF [ Nit RGY ~ LL. I X E S  I N THE 
n i c e - i a l l ~’ c~t h c ’c1ecI m s  nue r u ct icunma l  m u i o m e u i u e r d l s  of cc , m le r  s a p u u r

m
, UPPER ATMOSP EI F RE 

m l  c I he  s i m n u m n m u e r  h enm ispher e ,  Imi J ul~ u i c c s e  ci l t ’c t s  ccui ui f m u n m . ’
u i m produce t tie i to  c’si heat  m u g  rates in I Ime i 1 , I I mcide an c ~

, \s n u e n n i o nmech  in § I , cal e t u l c n u m c m m m s  I 2 I have sf m u c mc  n t h a t  Ihum. - Ih ue lm ’u ’,c’ est upmu’ cmrd ene rg s I l i i ’ ses ( I i gs , .  2 , 3 and 7 I - c u

m u i a i h i  part  of t h e  c’n uc ’r gy c u f  t he I I . 1 m m ode is diss ipated J a n u a r y  m m c m  d c s t m n u c l  m u u i n i n u u u n u m  us t o r m n u e d  p a r t l y  t in  a c i , , u u n m h
he Im su 108 k m .  The s a u c e  ca l cu l a t i c e -c s  s l u c m w  t h a t  ce- en hm.’low of nbc Sun being at its nearc’st t i m  t h e  l - a r t t i .
80 k n u di ss ip zn t i c )n may n dmt he e n t u r e l ~ i n s i g n i f i c a n t :  cal- \ m  c n c e - m c u m i t  h a s  been l i k e n  ut a l nmuosphe rmc  b e a n i n g  h~
culated auuu p hnl  tid es at 80 kun mu- c rc re d uced m y  I 3’ ~ by t h e  s u r f a c e  energy  c’ s e - f u m ui mi m.’ or’ (i ’m ab sorp n ciii of ra ch ma t  i c u m u  hs

umncl u si c ) m i mit  eddy m i s co s iuy and cond ue t i s ’ i I  y amid b s  2( m ’ ; d u st  ‘ in I he firs t p lac ’m- t h e i r  l a t i t  u d r n u a l  d i s u r i h i i t u o n i s  arc’ mm o t
w him - mi r a c h m a t i s c ’ da mping sv cns cu l so inc lude d . ‘sm energy f l u x e s  closely coupled c’ i t l m t h e  I I . 1 I cur ( I . 3 I itu ode s be ing
d epend on the  square of a m p l i t u d e . t hey  mc m u i u h u f  a c c o r d inughy  i n f l u e n c e d  n uu a uu m l y  bs l and  a r id  o ceam m ~irc . u s am i d  s e c o c c . l h y

he r ed uced at 80 km to 5 5’ ’ of s - ‘ . Ium - s mu it tu out d i s s i p a t i o n :  t h i c ’ir m e r n m c , m l d i s t r m h t n t i o n  is conuf inm e d  m a i n ly to be e - c h i t s
ant i t h is f ac to r mit ’ redc u c t ic m n shuo Li l d  he appl ied  to the values  mum - ar  t he  s u m r t c n c e  cc (mer e t h e  l i d a l  response mu - m - ug h u t i n g  ( cue - c-
of 1- u in Fi g, 7 as these were calc u lated by classical t heo ry  i m c u u m s  W T for t l i c ’sc ’ modes are smal l  I I 1g. 4 I .
mc hum - h  neglects dissipation , A p a r t m c c u l c u r l y u m m t e r e s u u n i g a s m u c e - t  m i t  nbc  up s uard  t i d a l

( It p a r t i c u l a r  interest  is tile p m m si ’ m h i l i l y  ‘of s igni f icant  t ida l  enmerg y t h u s  is m I s  c on i t r u h u t  ion t o  hu e a n u i mg  oh the  I b m - n u t s’
h meat ing  of the  t h e r m osp h ere by up m v a rd propagat immg energy phere . I ) m s s m p a t n o n  prmicess m - s  m m - ni b s c’ ar u . u p p i c ’~~ua h le  par t  m i t

‘ f luxes , For the  I 1 , 1 I nmode , energy ) I i m \ m - s  en ter immg the the  energy before the  t h e r r u u u u s p h u e r m .’ is reac h ed ,nnd e s t u t u c j i e s
thermosphere  at m cuy 105 knmm m a y  he roug h ly es t i nu at e ci  ccl  upward en erg 3 flu~ m- s a t  105 h e -u cciii only  he g usm - i m

S 
f rom the resc ul ts in I - mg ,  7 by a p p l y i n g  a f c u r t h c c i r  factor  of a p p r c m x i n u m a t e l y  mm t h e - u t  more de n a i l ed  ca lcula t ion  of t h e

reduct ion  to  , ih l i i w for diss ipat ion he l c imu - this  lm - s ’e l , Fr oe -u miss , Vt h i d  syst  enums u mu I h ue s t r a to s p h e r e w h u c b m  m n m a y  a l m m u

the calculations of L ie - d i m - n  and Bl ake  I 2 ) . I I , h I me -ode c u l l e d  p r c i p a g c inu c ) uu  e h c m r a e l e r n s t u c s  aum cl  energy  t! c u cme s f l a m e
m amp li tudes  would appear  to he red u cm - d b~ a fac tor  ccl ’ 2 not he m- r i  mct c n msndered , N ev m -r u he l e s s  resu l t s  a r c ’ n u h t a u n i m - d

at 105 km due to v i scc m s i t s ’ . c o n c h u c l i v m t v  and radiat ive cl at uu p - wh ich sup po r t  t he  va h c u e of 0 , 1 i i uVt  /m 2 t ires m m u i i m l s  g i m c - r t h~
ing w i t h  respect to cn ndanmped m’c mt c ie s :  and  hence E u I Fig. 7 I \ oll anct I I 3 I l t d  :mc cot in t  fo r  cm re s ict  ci a l m - \ u m m l i h c’r m c ’ i c ’ln p
would he reduced by a fac tor  of 4 , i. e . to 0, 1 nm \V ’e-u 2 

. e r a t u r e  cf 500 ° K at zer o level  oh s m m l c m r  a m - i m s u n~ . h i  is a l m m m

m This value agrees s m i t h  tha t  g i s m - u c  hs Vo ll and I I  3! fol lowing rea sonable  that  (h e  Ju ly  uu i inmu umu nm i i i  t tme cc n lc u la t e ct  enm - r gs
a d i f f e r e n t  line of a rg t n nment  : he , u l t  r ibu led time r e s i d u a l  f lux is re les’an t l i t  I hum - mc eh l - I s e - c imc  i i  i c i l y u u m u m u i u u c u c u  m hi I I t e r u i m t i s

c’ x c u s p h m e r i c  t e n m p er a lu r e  of about 500 ° K at zero ks-el of plum - rue -  air  densit ies , Rm - su l t s  cure g u v ~’n in  lIe -s  paper ( m u r  g lmih m-

solar ac t i v i t y  to an upward  energy f lux  and e su inma ted  f rom ally cmvc ’raged f l t i x e s  the t I e - s m - s  t u e - c u r  hcimc c’ser p r m - c I o n u u t u a r m t I~
Jac chia ’s t empera tu re  profi les tha t  a rate  of heat input  at mi sc l c n t i t u d e s . t h e  equa tor i c u l  m u l e - c’s t c m r  t h e  I 1 . 1 )  re -tide
c i h o m e  100 he -u of 0, 1 muuw / m 2 would  he iiecesscmr y to ne-On- h c u r m g  a h m m u i l  5 , 5 t i l e - e s  g r e a t e r .

ta m a 500~K exospheric te nu upera tc u r e ,
The am ount h~ mvhich  t h e  f l u x  of ( I l l  mock c’u1c ’rg~

enter ing the lower thermosphere  us depleted in i t u ly  cm m ni i -
pared m c i t h m  o ther  t inm e s of t h e  year is sm-en froni I-i n . 7 to he AC K N O W L E D G E M E N T S
about 0.03 e-uV. / mu u 2 on app lyung tIme factcir cit 4 red l tie -I nu n In I hue p r e p a r a l i o n i  c i t  I t i m s  paper I ic ’ a u h  Imor lmas b een a b l y
t c m a llow fm -m r d iss ipat ion at I mu w c ’ r heights .  By c’ x , m cd mu nu rug  t he  ,us s i su m-d by \t sm \ ‘ml - \‘ec ing m u - h u m  u u c c l e r h c m o k  I lie chala 

-

rc’qu i rc - bume nts  of .m l m imu - m. r t he rmosphere  hu c ’,i t  s , m m i r c m -  c apab le  ania Is sis a nd eou u i ou t e r  progra n e -unr i g  I t im t ime u c’su l t s tin
ot g e n e r a t i n g  t h e  ohserv e ’I semi ’annua l  s a r u a f  ion of a i r  mu a te r v a p m i i u i  hea l  mime .  ‘1 mc ’ c s s i m t a n m c c ’ m c )  \l sm I ( ‘autiphell
che n s i ly  at 400 k nm al t  n t u c te , \ ‘m i t l a n c h  1 1 4 )  obtained a u upwar d ant I  l r i e hu u b c ’r s oh time l ) m - i m : t r t  umenm l a l  l ’h m m m t  c c i t t - p h i c  Groc ip
eu m m - rg~ f lux  of 0,03 i m m W  nc t 

- 
- )r i this h ,u su s the  icily m uum ~ su ’u t l m p rodcuc t ioe -  of u h l u s t r c m l  ic ins is g r a t e f c u l t s  a c k u m m m s c  l edg e ch.

i m u m n u  of energy f lux  obtained in the p n c sc ’ udi  c a l c m u l a l  no r ms ‘l ’bu e sc ork h a s  hem -ru sc ippor ted  liv ibm - Ot f i c ’c’ c cl  \c’: musp .tcm-

would appear  to he re lc’va bi t  to th e i n t e r p r e t a t i o n  nil t h e Researc h and D m - v e l m m p t i i e n h  u um dc ’r G r a m i l  \ m  - \ l ’ t m S R - ’~-
July ne - in me - u n n u u I t hermospheric a i r  the n smt ic’s. 2264,

In  c m m ui c p c ir iS on w i t h  t h e  ( 1 . 1 )  e-mc iche , the (I .3)  m od e  us
u n l i k e l y  to c o u m t r i h u l e  s i g m u l  i c m n t l  to I I md ’ r u t i u i s p h e r i c  heat-
ing on account of greater d i s s i pa hio n  at lt i wd ’r heights . l b  is RI I t  RI  \ I

m - s i  imu :mtec l  on f lu e basis m u )  the shorter m cavc -lengt Ii ccl ’ I h ums - ‘ , -
— I .  10. S. I ind iu m , (jimmi ed 1, A o i ’, him di m u r m n / , S m u t’. , 93 , I s4

mode t h a t  d i ss ipa t ion  h e l mn m c ’ X l )  knu wou ld re d  tue - c F , m n ( I  ~Um ’ t 
- 

‘c

-5) ) knm t o  5’ of t h e  valt ies s lu c i cs-u m in 1- ig ,  X : an d t h e  I l u x  2. R , ~~. I inuhzcn m d  I), Itlakm - . ( m ’ m ’ m m ; m / l c ~~, / i c m u , 1  D i n ., ~~. 31-6 1
c m u u u i l d  he I’tn r h her  d m s s t l m ,u i c ’ct be f ore i c ’, i c  h u n g  t ile losm-er 11971) .
i l u e r m u u s p h e r e . 3, ‘ml . V . V t i ( k m’m , t ) m m  m / / a t  i m t l l S  0 tine !‘ m ,’V! /d  i c i d u u ! u u m / m / I m  rm - (‘am-

) i u j c l m , ’c I,,’ i c i s c ’r s i t ’, t ruts s  I u u 4 m t  -
4 , Sn , Sie h u ir l . - \ d d c d , m s l m i d e - T l m  t j m f c s , - l u /u’ . (;n ’mup /i u - c ,. 7 , l u t 5 _ t i ’ c 2

7. DISCUSSION 19 611 ,
5, R. I’ . ‘sm - w e ll , J , Vt , K i d s m u f l , I) , U. Vin e -ce - i  and U. 3. I(u,cr .

In the p d ’s e h u t  p i p e r  an . t l h c ’m ph ha s been u m u a c i c ’ b u m  esi  iu e - a t e  i/in ’ c m mc, rc :/  i c r  m i,.’ t c , m u i  0 ) 1 /mm tr ~m f m m m ’, : i m :  d u u ~ m m m / ’li u Cm - ‘m m m l. I .
.ns u c ’ , m l u m u m c a l l y  as p m m s s i b l c ’ h u e  iu p c v .urd  f h i u m  n i t  m ’ i d c ’mm! s of l ine \it’l (‘nc ’s’ 19 7 2 .
m f m c n rn i , u h  h i d l d  . n h m u s , ’ t h e  region 0 s i /one h e a t i n g .  -\ ce - .u lc ’ 6. I t . 3, \ l a s t e n h r c n m n k . ./ , i l u , c , m i . Sm i - 2 (0 . t 4 ’ t S . l S t u t  t 19 fl,
h e ight  p u m u t i l e  t u e -  the  haste -  cnt m i u s p h u e r e  has  be en , i i f u i p l ~ d 7 . ( - l e n s - n - ~, ,-l1nu n m , .5 u . , 21 , 23 (0.245 II ‘~t’4 I,

( 1 m g .  - i f  c c hj c h  is t \ ’p i c . i l  c u t  h h e  irnu l a n u l u d e  . i h i t i u m — p h i / t u ’ S . 3. 11. l u c k  and 3, l,um nd umn , ,/. I d ’ u m ~~ ,5~~c , , 3I , 159 10-1 9 16
where  p u m s u l  u s e  I ,n I nmod c’s pr ump ing it c’ mdc c  cml ef I c ’ , ’h m m e b s  - an d I I  ml 4 ) .

, n l t e r m t i o n  hits been g e - crc m m refining the e - , ulcuil a lmnm n mu ) Si tu ’ ~, I I ,  I .  I ) u h s e h , l i /u . (~n ’n n p /ul’ .s. ,  I S . 2 19 - 3 2 2  u t i 1 1 I .
- I m I  5. I ,  t ( u m t l e r  and K , -5 , Small, /5’, m , R Scu m / u u u m m /  ‘u2 74  91.

m . u p t m u u r  and o i m u t u u ’ hu c ’ , u i  t ug  r a h e s  and t h e i r  s , u r c , n t n o n  o h u u r u n g  
~~~ ( I  ‘Jtm i t

t h e  year. c ompared  mu - ulI m c- , i r ! i c ’ d cml i m l i a t e s  I I  . 4 1 - mu .iter II. U. \ - ( , r m i s c ’s . ,/ f / / ’m  1(0 u u ” , ( 0i u9 (1  9 ’ S ) .
vapour  h e a t i n g  r , u t m - m in I I to ’ t i p p e r  u r m u p u u s p h e r e  a ru t consi d er’ 12.  U. V. t n ,  ‘ S m ’s . f’r m mc - R ‘ m m c m I ,  m c .1  ( i n  press),
,u h l y  reduce d I I  ug. 21  mod  cl/ tic ’ l u t ’, m u u uig r , n l c ’s t m m ’ h m , mu  4 1) km 13. It , S m ul la nd , P/a nmn ’ r .‘m / n n i c n ’ .’m m ’ i., 1 7 , 1~~s t - l 5 9 7  h I m m ( m Qm -
have been lowered to a l l t t c c  i m u r  I b m -  o t e p a r t u i r e  f r o m  ne -h m t  cc ’ I - i  II. S n nl l .un c j , /“ ia nm ’t , 5 pm- c ’ S t . 17 . 1 7)1 9.1 ‘ 24  u l9 6 9 ( ,

3Cm
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J e - i i rn~ / c c! I/ne Brut is h  / u u d m ’i f m c ’a m l t ’d u P i  ,S i m u ’i c ’ f u , I , m L 2~ / m p ,  / 2  ~- 1 . m’$ , 19 ~i.

CALCULATED AND OBSERVED 24-HOURLY OSCILLATIONS
OF THE UPPER ATMOSPHERE AT 5,9 5 LATITUDE

U . V . ( ;R o v l S
Dc -p a r t~ u m ’,mt m m )  I / i  m’ , uc ’ m- .m and h , s t r u u , u m i n u u ’ , f ’ f l i i - i ’r ,m i ! i  ( ‘ c //i ’ m - u I. n m n m d m n i , (,m m i m m r

S d r m ’ n ’! , /, m m m m m / m u , c  i c / /  61/71

A c’ u u m i u l m , m r m s m m i u  is u i n u d e r l c n k u t r m  ) ‘ e I i c m ’m - ti c u ) i s e t c c c h  u p p e r  a t n i m u m t c t m c ’rc ’ t i d a l  osculla-
i m c m i u s  at S i c ~~u1 a u md resu l l s  c ’ , u l c u l c u l c ’ cl is classical tu chc i h lit - m r s  I tie i s c u l  s / t m  i i i

r e sc iu t s  arc’ gc ’ ui c ’ ra l h s  in i u u m , d  , t g m c ’c ’ i i i m - um t . \ i l e n t i o u i  m m i f r , m m u u m  b u m  c er t a in  small s ignif -
ica n t m h u t ’ t ’c ’r c n e c - s . in p a r t i c u l a r  i m u  an  ci m ’ u ’rc uit c’ t d l i , m5 c ’ m l m l t c ’rc ’uc c ’ c’ m m )  3 . lu ( s d ,  i ) , X I
h ours  h e ts c  c’ c’ic I t i c ’ observed cnnd cc i l cu la ted  m c s c ’ i I I . u t  i ons , The t I l l  t c ’ r e i m c ’ c is cu ssi t-
c ial c’ d mc tutu t Ime 11 .1 ( t i d a l  e-uode and c u ( m s e r v c ’cf a m m u p l i t u d e s  u u m a x m m i u i , e  l a t e r  th c sn the
c , m l t  u l c u t e u l  ones ,

1 . I NTROI ) UCTIO N

( ‘OM l ’A R I S (  (N S R b I \ V I ’  I ’ N 1111010  h - , ’Fl ( ’ 5 L and  m u l i m e r v e c t  upper  at i i m m u s l m t m c ’r e

t ida l  mu immds Im cuv c ’ p r m - v i i u t u s h~ been u n d e r t a k e n . m u m m i c u h l s  t m~ Lindz en f u r  3( I ~~N cu t-
ih ude I l l  i n ch I m ’ c km - c- ct ci a / I  2 )  h r  30

m
~N an d c’u ihs er  l a t i t u d e s . ,- \g r em - uu men t hu , n s

tim - c-mi very scn i i~ fc t~ t ir s’ , p a r t i e t i l a r l y  cml lmigh l a t i t u d e , whi l e  sue - all  d i f f e r e n ces ,n i low
l a t i t n i c h c ’ s u u u m u l m h  appe c ir  to t’ ,n l l  for m m u u l m c t c ’ l , c t i v t ’I s  mu le - ts r  , u u f l u s t u f l e n t S  tc’n t he  c m c h m m p t c ’ m l
t ! mer u i n a l  m- ‘,t m I , m  I b ums ,

O se - i l l a l  m m u n s  of t e i m u p e r a l  t n r t - and  h m o r u i o n t a h  w i n d  c’u u m i m p u u u l c ’ u l I  s lm c’ t w c ’emu 35 ami d
05 k- mi b i avc ’ r u ’ c’ c’u i t l y  hem - n olu ’ r m v c ’ ch f r m m t u u  aim c i t c . m l s  m i s  m t  24 grena d e c’\ pc ’u ’ m d i m c ’ m l t s
e - o e - m h u i c  ted by th e  Goddard  Space Fl ig h t (‘ en t e r  ui \ j i , m l  ) 5 m m ” 5 3S ,2 ’Vt  ( m i s e r  t h e
s’ c’, m rs l ’ t ( m i i _ t m  1 3 1 -  rhi c’i ’e res u l t s  cure m mf  p a r t m c i m l . m r  i n te res t  t m u r  c m i l l u i m ,i r i s c m n  mu’ nlh u —

1 1 m m - c u r s ’ . ‘c e -mu m , n I low cut u t u c l c ’ a nd i n c l u c t n u m g  t he  u se - m u l l  m m d l m c f  t e i c u p e r a n u r m -  as w m - l l
cus th e - u I  m u f  mu - i re-f . \ h s m i  Inc’ S m - x t e n d  t h e  l t c ’i i t l m t  t i m  mu Iui c’h c’ t i d i i p a r i s o u m s  can he u m u a d c ’
fro uu u (ill to rum - ar ty  05 is Ic I I t t ’ pc ir posc’ m i t  t h e - i  p r es c ’ i u h  paper  iS to u n d e r t a k e  suc h
e - m u d u u l m .nr m s m u i c s  t i m i n g  e - l , m s s t e - . t I  t i d a l  Ihm e m ry and  prc ’ m i u m m i s l y  f o ru u i t i l a t ec t  t l m e r i tm a l
t’\ c ’ l ) , t l t m m e - s  l J .

2. M O D E S  OF T I D A L  t ) S(  I l L  ‘ m l  I O N  (‘ ‘u i . C U L A T E D  FOR 5. 9 S
LA ’l’l’t 1 1)1

In R e t .  I 24 - h i m m : i t t m  ci ci t t m m u n e u l t s  oh t t m c - u l c m , n l e x c i i . m t c c u t u  m u m -  f o r u m m t u l a l e d  fcir the
F u r m i p m m s p t i c - r c’ t i s u n i g  a l m rc ’s u S  n mt odni l mt St c ’t mc ’ r I  f r i n s - m i n i  m m m l  h ic ’a t t t i u i  ims mu , n t e r

vapour  c t h s u m r l m m mm i i ,  I : , u r  t he  m i r , m i m m m j m t u c ’rc ’ , ( t i c ’ / \,  i ! , i i m i i i  is ( m m d  u t l l i I , t i e m f  mlii I b m -  hm : i su s
of a r n u u u c c ’ r u ~ m l  m n iode h of ’ I c u s s  l m m m  0 / m e-c’ heal u t m g ,  I lie c m u l d t l u l d u c i u i s  l ines  iTi I mci . I
s t i m m m c Ih i m. ’ heig h t c l m ’pc ’ u d m l m ’ i m c  c’ d i d  I i l c ’sc ’ t i c  m u  r c’g m u m t u s  u t h e a l i n g  on an a r h i t r , n r s  m c c n lm -
in t e r n u u s  o f t  he r , n i t ’  u t  h e a t i n g per u n i t  11 c m mm of air .  (1 lie broken lines w i l  I )‘ c’
referred to in s e c t i m u i i  S , (  ‘ I lie s ue - mum - he ight  dependence is I , m k eu i  I m t m  u m I m l i l s  1 m m  a l l
uui c d d’S ,

\ u i u m e r l c ’ , i i  m m i c’ ! t i m ’ i e t t i s  h tuci t a rm -  , i ’ , m m m m i , t t m ’ m l m v u l h u  t Ine  ( 1 , 1 , ) 1 .3 )  and ) I S t  me - odes
in Rc ’f , I u n ’  ) ) , ( I t m 2 . — t ) , OI  im and 0 , 00-’m ” k f m m r  i r u m p m m s p t m m ’ r m u ’ h i - t h e - i t  an d )) , 544 ” ,
—0 , 1  41  I , n d d u t  t b )) -d ,‘ is for - i r m t t u m ” l m t d m ’r i t ’ h t c ’ cmt  m i t e  I lit -sc’ t I c ’ I he three nna u n  c’ q i i _ m h u m —

k ‘ r i , u d s  ss n u i u u m ’ t m m m  i u u u n u l u ’s , I l i u m  n o t u n l u u i u m  ums c ’cl i m u r  nuoc l e clce-~’ r m p I i o n  being ( h u nt  m i t
’

R c ’t . 4 , , \ l t h u n m u i g h m  t he  s t r , n t c m m l m l u e r u m  m , m c ’ i ) c m  u i ’ d d t ”  are ahdl ut  I i )  t in e - cs  ~~eat er  t h a n
t h e  t r u u p m m s l u h m t . u m e -  m i l i c’s . cm factor  equal  to .u ln n c usp hie r ic  dc ’ n s u i \  e n t e r s  i n l u m  b lu e  c a l ’



r
-. 

~~~~~

‘ 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

G, I ’ , Gru .m i’ d ’ m

I ug. 1, He ight depe ndence of i u m u p c m m p h m e r u c ’ and m d n c u t u m s t c l u e r u c ’ t he rnua l  c’ m c ’ i d c u i m c  - i c s  ml thm e 24-
hc m ur ly  nude  ( m I l l  an arb ni ra r y  me -alt ’), Ke s - ca lmues  taken fron m u R e t .  I — - s c c r i j c i m m d c  us
lprc’us urd’) “ , - — -  — varwli on .tc Ipru ’mcln u ’l ’ ‘. The mu -alt ’ of thc ’ brole--n lines It um s been evcn l-
uated by the ‘heory in Ref. 12 ,

cu4ation . so that heating rates per uumit volum e- c in the troposp lmere ar m - t h e  gr m - u nte r .
The time of n e - ax in mu uu u u  heat i n mg rate is taken t o  hm - 1 200 LT for both sources , (~\
negative value for a nc u m u uerica l coefficie nt such as t he-it of ’ the ( 1 , 3 )  ne -ode above
represents a nm a xinmu n nm at .2400 1 I’.)  Un i t s  of °K are shown tm c ’ca mi sc ’ on n iu l t ip hica-
lion by the height f u n u c ’t i o n s ( F i g ,  I l and the app rop r i a t e  l a t i t ude  f u n c t i o n s ( i h o u g h m
funct ions)  both  of which  are of order u t m i t y  or hess , the  an t tp h i t ude  c m l  t h e  d i a h a t i c
tenmmperature  change due to rad ia t iona l  hea t ing  is ob ta ined ,  A c tua l  ten ui perat onre
changes will differ in amplitudl e and phase on accoc int of ad iaba t ic  and oth er pro-
cesses . Propagating nmod es , such as the  ( I  . 1 ) , ( I  . 31  or (I 5) are responsibl e t o r  a
general increase of t e m p e r a t u r e  c i s c i l l a tdcu id  w i t h  h ue u g hmt sm-u t ha t  at SO hue - , for
examp le , an u n n u u p h i t u d e  if t h e  order of 2 ) )  ‘ K is predicted w i t h o u t  a n y  heat input
at th is  level ,

Trapped modes. , m n m- r ep re s e n mt e d  ill t he  fm i r r e - u l a t i o n  of the  the rma l  m - x e i i . i t t u c n s
in Ref. I by th e (I ..2b and I I .-4) ss r u u r u i m .’t r i c a l  uu uo d cs , I S seasonal con t r ibu t ion us
represen hm e d by f lue  ( 1 ,- I )  c u s y f l h m  ic ’ t r u c ’a l mode bout til t s  will  not he un t r od uc m - d  here , (
For t rappe d n i u c u d m - s , there  is n m m  m r m m g r e s s m v c ’ c u d c r c ’,usc ’ of a n m u p l u t u d e  m c m i  Ii he ig h t
troposp heric  h t m l  t i e  ec’ ui c ’ r , n t e m  a m a i n l y  I r m n p o s p l u c ’n u e - m m s t ’ i I l . m t  m m m l  amid in the  upper

5 atmosphere  the m u s e - i l l . m t  m u t t  is m i , ’ u m u ’u , m i c ’m f i i t . u m i c l s  m s  ml n , n i u m s p h m m - n u e -  h ea t ing .  Onu account

~ of the i r  c h i f f c ’ n c ’ mc i t m i n c c u m  u m f  t n t  c t u u t u t u , m l  uh c ’ p en d l c ’ l m t ’m- 1 h m u i i g t i  t’u n c t u o n s ) . p r c c p m m m u i  m u m g
- - . ‘ — modes . in i - d o n u i n u n t  n h I c mci  at i t u i c l e m m d  t r appe d  nimodes at high l i i i t i u t e m ,

Wh ic ’rc ’ c m m  in Ref .  I t u m t , u  , m e - i  1mm t ruc ’b m ( s us c r c ’ calculated m mvc ’ r a range of 1 c m t u b  d u c t  cc.
(or an isothermal  a tmosphere , I l ie  e - , n l e - u l a t n c i n s  presented here arc ’ f u n  5 ,9°S I a n -
i tuche and u t e t u i p c - r ; n )  u i r u ’ v e n t t i c ’ f t u g ,  2 )  m u s e d  on lIme fo l lomu - ing  i l c i t , i  a p p r o p r i a t e
to t h u s  latitude: 11-32  kmn balloon m h , u i , u  15 ’ 6. T I  , 3 i -S c ,  knm grenade data
17 , ,  ‘ ( I  cu l i mive  106 km (‘ 1k- S 1972 10 1 .

I’ ug.  ,1 s t tummc ’ s the  a u u i p l i t  t i thes  c u t  t I ne  i n d m v e - t m u , m l  modes  ca l cu l a t ed  at  S q O lati tude
f or t c ’d u i l m m - n , m (  dir t . W I -  and SN win d  m u s c ’ m l l : t t , o n s , It us seen t h a t  t h e  ( 1 , 1 m~ mode

- - c u r m s u li g f r c n i m i  t r c u p o s p h e r i m -  h e a t i n g  ( s t n ) u s c - r u ) m t  I f m u n  lower) and t h e  t I . 1 t :  m ode
, n r u s u n u g  f r m u t i c  m t r , n h u m s p l m i ’ n i c - h i c ’.m O n g  ( s i u h s c n i l m i  t m i t  upper ) p e - m m’ idc’ t h e  I w u m  lc i n g c ’st
contri huhions , 1 hut’ (I - 1 m i m m m m h m -  ~‘i m’ c’s I hm -  ne x t  Ic urge s t  c o u u t r i h u t b u n i  mu h im eh i  , n l u u m m i m t
,m p p r u m u c h i e s  t he-il of the  ( 1 . 1 ~~~

- in ( h u e  SN (i.e. f r u m m  m e - h u m  l i t  c c , u r t h )  wi n d e - u u i d i p u i ’
nm -n t , ‘rhe ) I , “ ~I us gm -ncr-i l ls  ( t i c ’ nex t  l .m r g c ’sI c ’ m m m u h r i h i t i t o r , i t s  lc ’ cnp c ’r . mI l u r e  au n—
p l i t ude  being , m l t u u u i s l  e n l u n , m I  I n c  Ihat nif ( 1 .3 ~ - mu hi c ’ r e , t s  i t s  WI -  t i c ’ t r m m i i m  mc c’st t o

t’, ns i  I winch , m c u t I m l l I U d e  u s ‘m n t , u l I m ’n t h a n  ( 1  . 1 1 1 ,i ncf c u n l y  c ’ \ m t ’e i t s  ) I — 2 U - m i m u i s ’ t’ mO) km.

_ _  
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Fig. 2 . Basic t enup era uure profiles used in tidal calculations. Key: - ‘ mu st - an : — — — nuax-
inuum la pse rate; — . — - minimum lapse rate.

The contributions from many of the t rapped modes are too small to plot in
Fig. 3 . ( 1  ,-2) L and ( I  ,-4)L arm - ex t remely  small at s t r c n t o s p h c e r n c  heig lmts bein g less
than 0,016°K , 0.06 ni/ s and O. 002 °K , 0 ,004 mn / s respectively above 35 k m m u ,  h vu,’e-
the contributions of ( I  .-2 )u j  and ( I  ,-4)u are sn us all  at s urc n l e- u sp tue r i c  Imeights :  those
of ( I  ,-4)u are less than O .O65 ° K and 0 , 14 ni l / s . and ( I  .- . 2 ly  produces only 2 c m - s
in the WE wind and I °K in temperature .

The only propagating mode of impor tan ce to arise f ’roe-u s t ra tospher ic  him - at ing
is ( 1 .1 )u . The ( I  ,~ )ij mode is just recorda b le  in F ig , 3 f u r  t he  SN wind ,

To sunumarise , it is seen frou u u these calcula t ions  tha t  the  ( 1 , 1 )  mode donminat ci s
the upper  cmt mosphere t ida l  oscil lation at 5, 9

0 l a t i tude  and is the only niode for
whi ic l m both  t roposp h eric and s tra tospher ic  h ea t ing  ef f c - e t s  are con ipara hl e , The
next  largest con t r i bu t ion  i s )  I , 3) L which for 5 .9° latitude is much greater in the
SN wind t h a n  in the  ),‘n ’I wind or tenunpera tu re  oscil lat ions ,

3. COMPARISON OF CALCULATED A N D  O B S E R V E D  O S C I L L A T I O N S

Sum ulmat ions  of t idal  ne -odes calculated as dc ’s e - ru h ec h  in section 2 are c m i i i d l \ t r c ’if in
Figs. 4 amid 5 with the  observed 24-hourly c i se - i l l , m t h u m u S  mi c’ v u u u t u s l s  reported (or
N a t a l  13 1 in t e rn i us  of a m i u p h i t u d e  and lu t i S t ’  of m l m a x i n n u u m n .  l’he mif m s e rvm - c t  va l t ues  are
shown by t ine  cont inuous  lines w i t h  bars wh ich  inc h im - a te  pre s ’ u u m t ns ly  c’s l h u m  c m l
standard t l c ’vicn ( mcu ums , I h ic ’ ca lculated values are s h c m m u c  n by the cont uni t e - m m lines
w i t h o u t  l iars , ( I hc ’ broken h u m - s  wil l  he discusse d in sm - c’I ioe -  4 , )

Inspect ion of the  c f u f ’h e r ene - e s  between c m t m sm - rvc ’m f and calculated an i up h i t  u m m f c ’ s at
5 kin height i n u h e r v c n l s  in l i p  4 shows t h a I  27  such d m t f c ’ r e t m c m - s  are less t h a n  the
esi im in ated Io value and t ha t  the  remaining m) a re less t h a n  2o, On this basic , agree.
nucnl is q un l  e good, ‘\ Iso , for temperature and SN cc m u l c t  s , ut ml  I t ’d m ’ dc c’s ,nr c ’ ale-most
e q u a l l y  posit vt - um nd negative showing nci ohvisiui s s\ s l c ’ h i d c m t  u c it m l I e r c ’n t e - m -  be tween
observed and c a l c u i , n t c ’ uh val ues , Thus is not so fo r  WI su mu d s ~ f m c ’ t c ’ ca l e -m i l , i f ed
values are  s S s i c ’ l mu , d  c , u l l y  less t han  I he -u sc- observed m s 3 , S ( s d ,  1 ,2) l u/s .
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3, ~~~~~~~~~~~ of ind ividual t idal  u u d c u d c ’ s  c a Im -u l u i ed  for S m~~
’ ha num ude .  S m m l d u s  t u fu ’ii c mhu ’s

i r m u ~m m m m p t t c ’flc ’ c’st ’ n t , n h i c i u t ,  sui f ) i \  L ’ d e n m i f e c  O d , m t m m m h m t i c ’ i l e -  c \ e - h d c m i l m m d l .  2

(. )hsm-rvecl and calculated phases are stimuc c ’ ci in I-mg 5 in t m - r e - m s  m i t  t c l u e s  of t ui , m x-

ine - um l i a n u u p l i t u d e ,  In th is  case I I  d i f f e r ences  out m l  3o e\c- c’cct 2o and 14 lie

between I and 2u, On u uvenc tgc ’  oh served v , m h u i e s  n ui axinm l m /,e l c u t c ’r t h a n  calculated
o n m - s , -S s~ s ( e i m i c u h  i t - d i f f c r e e - e - c’ s tands out clearly on the temperatc ure plot anti

averages 2 , X ) s d , I .0 1 hours, TIme d i f f e r emmee  is as scue - i cn l ed  w i t h  tIme ( 1 ,1 ( n io t lm- ,
which for the  te mi mpera t u r e  osc i l la t ion  domina tes  ot lmer me-odes at  a l l  heights (I- up

3 ) .  For the  WI -  and SN wind p lots., ca l euhate ( h  c o n t r i b u t i o n s  fron m t m m g l u e r  order
modes are re-ore im u i po r t an l  t h a n  for teiuiperat tire and tm - mid  to ob ’c e -t i re  t I m e  conipar-
ison , t ’rm mss m - s  l u u nvc - therefore  m m - en  ad ded 1 m m  Fig.  5 w h i c h  r m - p r m - s e u u l  t Ime  calculated
c o n t r i b u t i o n  fronum t h e  I l  .1 )  mode a l c m ne ,  In  I lie observed mu-u mmd i m m e - i i l u m t  mm , m u u  t h e
11 ,1 I ie-c cl e dome -m a le s  , ver c ’ t l m c ’r u t io u l d ’s m m u u l v  c u b e - s m -  ( m S  km . a mid n t  t h u c ’sc’ I ic ’ig t t h s

the Cr uss c’s are loca t ed m v - I  c’ c I u c mt  m e u n t l s ’  e a r l i e r  tha n the iuhm servc ’d values. 1/he , u \ eu  ,uuc c’
di fference betwee n observed amid e - u u l e - i u l , n i  ed p tm u mse s  for t h e  (Li mode is t c m unc l  ho

be .1 4 (sd , 2 , 1 I hours  frot t i  f l i t -  WI  wind  c ic uta  and 5 , 2 ( m d l ,  1, 1 I b ce-ir s t ro n u  the
SN w nn n h i h c n t a ,  I’ d c m h l c  c’uu t tnh ined  I e m m u p e r a t t i r e  and w uu md cOla , t he  u s e - m i ce  m t m t t e u c ’ t i c m ’

ob ta ine d  is, , ~ . (m ( s i t  l ) . ,~ I I i c u m m r s ,

L 

A n o t h e r  no table  t c ’ ,u i l i n t - in Fig S us t h e  r , npnc h  m u t e  m c i  m h u l l  c’ i t  m f i , n s c’ cm ( I hue

SN wind  osc’ i l l a f i u c mi ic lou l l at  m a t h s  he ights  is 110th c n u ’, u t e u  in t I l t ’  ~.n l c t i l a b c ’ c h c t i t \ C
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calculated and Observed 24-H our/v Oscillations of t ine Upper .4 tmospimere

4 0 ’  

~~~~~~~~~~~ I - , I ~~~~~~~~ I~~ ~~~~~~~~~~~~~
0 20 x (0 0 40 mnu~~-’d 0 (0 80 u,m c ’1 i2 0
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Fig. 4 . Amuup hi tud c s of obse r ved and calc ulated u m s e i h l c m u i m m m i s . Ke~ - - mm i msc ’r vc’ ut c c m h u i c s
with bars denoting estimated standard deviations I ~l onher curves ltac’c been e-alc’uLnmc d
using the basic tee - upcra t une profiles shown i n l ug , 2 1 - mean : - — — mllaximmlu m ul Icnpscc
rate; — ‘ - - — m i n i m u m  hp-c na te ) .
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Fig, ~~ . ‘j immi e m u f  f l laxii i lUi e - ae - u p l i u ud c’ m u m  m m ( m m c ’d vu ’u( and eatm-ulaIed n m sc’uIl ,m h umm m tm , I-m m km - s to
curves sic’ l ug . 4, (‘rticsu ,’s den n mi e d’aleulatcd v ,uluu c ’s ( n u n  the (1 .1 1 mmicmd c’,

than in the obse rvatimi um s , The-s ul It fc’rc ’ncc is a t t r i b t u t e c i  m m nain h s ’  to t h e  ( I  3) m e - m ute
which appears no he overes t imated  m y  t h e  ca lcu lal im u l l ,

4, EFFECT OF BASIC T E M P E R A T U R E  P R O F I L E  ON UPPER
ATMOSP HERI -  TIDES

(‘hanges in basic t r d ip o sp hu er id ’ l e u l i p e r a h u r e  prof i le , pa r t i cu l a r l y  in t h e  Ic np s e rate ,
have previotusly been fo du e- cI to s i g n i f i c c n m u t  ly influence ciim il putedl 24-houirI~ t i da l
pa t te rns  cmfmuus ’e  ,n t u m m u u u  70 km i u I I I  I .  The r e s u l t s  are n o l e w m i r h l t s  in I h u a t  small
cha m ig c,s in the t l n u b m u i s l m l l e n c  lead h i m  appreciable m u c u u d  ut  m c m i  m m  u s  at  t h e  hi p pm -n  lt ’v e Is ,

\h m u i i i t i t i t m m  and m u i a s i u u u t i n e -  I .m ps c - ra tes ft ur t iuc ’ N , m u : u I t u m i l m u m s ; m h i c ’nc ’ is-crc’ h h mc ’nc ’ tuu u c ’
devised II -  ng , 2 )  am id t he  I uc l , u l  c :ulc’u h a t i m -c ns r epea ted ,  I I c c ’ re s u l t s  are g i sc ’tl f~s the
broken lie -c ’s in I mp s . -i and 5, O t t O ,  sn u ia l l  s ’ a r i , u i m m u u t s  u n c ’ c ’ i u r  in h it- lapse r . n h d ’ (tIme
t c ’n u ip t ’ra t u r e  decrease betwee n II are-h 16 h u n  ranging t r u ce- Os t i c  l ’ c ~ Is , bms ih
computed  . n u c t p l i l u d c ’ m are u u m m l i u ’ t ’,m b l s  a t l u ’ c led at m unve 70 k I u m , l eulu l m i ’u , u l ure and WI

~ wind  a m i m p l i t u c l e s  dec ’rt ’asc- w i t h  h igh i c ’n l. n p sc ’ r ate . b ut  SN a m u u p h i l t i m i c ’s i m lc re ,lsc ’ d tie
a p p a r e n t l y  to t h e  larger  I , ) umt ode c u b i c - In r c - s p u m u u i h s  m m  ci : i m , i m i e c ’ c i t I c i p s c’ rate mm uore
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readi l y  t i t an  the  ( I I  ( ne -ode ammd in the opposite sense ,
In  i-mg . 4 the  calcula ted changes in t idal  ampl i tudes  at the upper levels are

seen to he ~ uthin the range of variation indicated by the observational error bars.
This u s to he expected  ci’- var ia t ion of the basic tennperature profile is jus t  one of
m m t s e n c n l  m i m u r c ’es c ml nu m odu lat ion of upper atniosphere tides , For N a t a l  basic temp-
er~n i - c r c  van u.u lu cm n t s are f c m r t u n a t e ly  qui te  small (Fig . 2 )  otherwise it is unl ikely  that
.u u g n i l : c . n n t  i u s c i lh a t i c mn s  could have been resolved fro m observations ex tend ing  over
a per m nid of 22 m ont bus ,

11mm - t iroken lines in Fug ,  S show that  phases are only very slightly affected b y
changes of lapse rate, In particular the comparison between observed and cal’
e u hu n ,te ch ph ia sm- s (see-lion 3) still holds,

5 , EFFECT OF HEIGHT D E P E N D E N C E  OF TROPOSPHERIC T H E R M A L
D R I V E  ON TIDES

In the above calculated results , the t ropospheric ther m al drive has the height
dependence shown by the continuous line in Fig. I which is a plot of [p ( z ) / p ( O f l k
whim - re  k = 1)3 and p( / (is al  nmosplmeric pressure at height z. This part i cular  value
cut  to m r u g m n m a t m - s  f ronm a ca lcu la t ion  by Sieberi [121 in which the height dependence
of specific humidity wons (p(z)/p(0)l°,a being a constant chosen to fit water
vapour data ,  Lower troposp heric observat ions put a between 2 and 3 and Siebert
chose 2 ,44 to give k = 1/ 3,

To e x a n m u i n e  t h e  e f fec t  if poss ib le  u n c e r t a i n t i e s  in k . the preceding calcula t ions
were iepeat ed t’or k = Y~ and i~~ ( cor responding to a = 21 and 3). The broken hine s
in Fig. I show the height dependences of the t l m c rn ia l  exci ta t ions  for these two
cases , C orresponding anmp h i tude  changes in the  co ulcula ted  t ides only appear above
70 km and are so sinmilar  to those shown b y the  broken lines in Figs. 4 and 5 tha t
separate  plots of the results wi l l  not be presented 1cm - re , I t is found that an increase
in k , i .e, a nmore rapid decrease of h i m - , n l u u m g  w i t  Ii hueig lmt , reduces t e m pe ra t u r e  and
WE wind anmphi tudes , but m i i c r t ’aSm- s SN c t m p h i t u d c s  in much  the s a m m e  w a y  as an
increase of lapse rate  in the basic t e rn t - ’.- r a l u r e  profi le  ( see - l ion  4 ) .

Phases s bum m c c no change of m u h s c r c , n t i c i u m a l  m i c e - m t  h e - . m e - c m -  when  to e f ccn n g es  f romn 4 to
and the coe -mparison h m - I s c e c n  ohserve it  a n t  c’ .n l cu l a ted  p t m cus c s  (secf ion 3) still

holds .

6. DISCUSSION

-S compariso n has been undertaken between observed and calculated upper at-
muuosp h iere oscillations at  5. 9°S l a t i t ude , I ’ mur  the d iu rna l  t ide , earlier ca l ccula t ions
I I I have already shown a strong l a t i t u d i n a l  dependence in tidal patterns . partic-
ular ly at low ha u l tides , F u r  SN wind osc i l la t ions  the  dependen ce is so e-marked tha t
a e h i a m i g c ’ of 1

0 l a t i t u d e  is l ikely to he o t m sc ’r va t iona l ly  significant, It cs-as fbn ere for e
d ec ided  h u t  u c n l c u l a t m -  and m - x , u n m l i n e  the  a m m u p h i t u d e s  of i n d i v i d u a l  1110dm-s cut  t he  N a t a l
l a t t t t i c l e  (F i g .  3 I. I’or te uunper atur e , the (I . 11  mode predome - inahes  cit 35 to 05 knum
as s l tm ic c n b y  c a l m - d i l a t i o n  u s  Fi g. 3 and b y m i h m m e r v , m t i o n  in I - ig,  5 w h e r e  there  is a
nearl y u n i f o r m  ra l c ’ of change u uf  phase wi th  h e u g h u l ,  For wind u u s c i l l a h u o n s  t he  ( 1 , 1
e-m ode .upn ’e a r s  to he d o n n u m n a n t  only above 65 km.

O t m s m - r v e c l  anti  c u lt tu t. m t ec l rc’ smu ll ’ m ,n r m - ct i m sm pared u u i I mp s . 4 and S and , nnc ’ get um ’ r m l l y
i n g u u m m m l  ,u gr e c ’ n n i e m i t .  I Im rm .’e ( c u l t u r e s  le-’ ,c’ ( ‘em -n pointed ne -It fm u r  is fnc h  t h e  d i t  t c ’ r e m m c - c’s ,
a l t h u i u t i g t u sn i o nh l , a t m p c .cur to he s i g n u u t i c c u n t  I

I , -S n m m p h i t u d e s  of t h e  ca lcu la te d  Vt I c i sc ul l , i t  icin ire ‘cc m l emna t  m c .n l l ~ l, mcu c’m t h a n
t i i m u \ c ’ observed by 3, 5 t s .cf , 1 . 2 ) ill ‘ s .

2. I he c’, i l c ’ t t l m t t e t f  ( 1 , 1 ( moult - rc ’ cuc ’hes m u u a x m m m u u r u m  , n i i c p h u i  i u m ! c ’ earlie r than temp .
e r a t t u r e  , m u u m l  w ind  m n h s c ’ t v , u t i o m m s  n n c l u c a t e  h ’s’ 3 .6 s f  t) , i) ( h m m m m n m

3, The 6’ : n l e - t i l , n l ed ( 1 , 3 ( me -ode i n t r m i d u u c ’c-s .n gm e , i t c -r c’h i .u i i5 c ’ c u t  p h i . n - ~c’ w i t h  height
I im t luu  t h e  SN wun mh nisc’ u l l,n u thu (than us ,uc’t t i ,m lls uu h se rve cl ,
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To identify the origin of such differences is not easy. Classical t idal  theory has
limitations , arising from the assumptions on whim -h it is based , and precise compar-
isons between observation and theory may be difficult to obtain. Such difficultie s
have previously been pointed out with respect to the ei f ’cts of zonal background
winds on the propagating characteristics of the atmosphere for the (1 ,1) mode
[13 1.  The Natal  observations were , however , distributed over a period of t ime
(22 mo nths ) and do not therefore relate to any particular background wind
structure. In fact , the successful resolution of significant t idal pat terns  indicates
an abse nce of appreciable modulation (by background cc inds or otherwise ) ;  and
the assumption of a medium at rest appea rs reasonable in this case.

The basic temperatu re structure has been taken into account using an ammnua l
mea n profile as seasonal variat ’ons are not marked at the Nata l  la t i tude , At ten t ion
has bee n given in section 4 to the effects of possible changes in the tropospheric
lapse rate to which the coupling between diurnal heating and upper ate -mospheric
tidal response has been previously shown to be very sensitive ( 1 1 ) .  Changes  in
the height profi l e of tropospheric heating have also been introduced (sectIon 5)  as
these also affect the atmospheric tidal response . The effects of such changes have
been mainly to amplitudes above 70 kn m and are not of observational signif icance
withi n the limits considered.

The thiee diffe rences listed above are put forward as matters  that  appear  to
warrant further investigation, Considerable importance is a t tached to the second
of these as it relates directly to the phases of the ( 1 . 1)  there -sa t excitations . Pre-
viously these have been taken to maximize at local noon in both the troposphere
and stratosphere. A preliminary investigation in which al ternat ive assum imptions
for the (1 , 1) ther m al drives are considered has recent ly  been completed and is
reported elsewhere [14]
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